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SYNTHESIS OF FUNCTIONALIZED HETEROGRAFT COPOLYMERS VIA 
QUADRUPLE CLICK REACTIONS 
SUMMARY 
Graft polymers are a special type of branched copolymer in which side chains are  
structurally distinct homopolymers. They have a considerable interest because of 
having nonlinear architecture with different composition and topology due to the 
their branched structure. They generally have also lower melt viscosities, which is 
advantageous for processing. Also, graft polymers have a better physical and 
chemical properties than their linear polymers. Graft copolymers can be prepared 
frequently with three general methods: (i) grafting-onto, in which side chains are 
preformed, and then attached to the backbone; (ii) grafting-from, in which the 
monomer is grafted from the backbone; and (iii) grafting-through, in which the 
macromonomers are copolymerized. 
Recently, many new ‘living’ polymerization systems, such as carbocationic, ring-
opening metathesis, group transfer, and radical polymerizations, have been 
developed to obtain complex macromolecules because of the variety of applicable 
monomers and greater tolerance to experimental conditions in comparison with 
living ionic polymerization routes. Nitroxide mediated radical polymerization (NMP) 
based on the use of stable nitroxide free radicals and  atom transfer radical 
polymerization (ATRP), are versatile methods among living radical polymerizations. 
A subclass of controlled/living radical polymerization (C/LRP) systems, reversible 
addition-fragmentation chain transfer (RAFT) polymerization, is one of the most 
extensively studied C/LRP methods. RAFT polymerization is arguably the most 
adaptable of all the C/LRP techniques due to the ability of polymerizations to be 
conducted under a variety of conditions. It is the most flexible technique with respect 
to monomer choice and functional group tolerance and allows for the construction of 
well-defined polymeric materials with complex architectures. In conclusion, NMP, 
ATRP and RAFT accomplish variety complexs macromolecules which have 
different functional groups in C/LRP. In addition, ring-opening metathesis 
polymerization (ROMP) has emerged as a powerful and broadly applicable method 
for synthesizing macromolecular materials and also ring-opening polymerization 
(ROP) is a unique polymerization process , in which a cyclic monomer is opened to 
generate a linear polymer. 
Recently, click chemistry is prefered because of the powerful, selective, and modular 
reaction strategy with very high yield. Cu(I) as a catalyst in conjunction with a base 
in Huisgen’s 1,3-dipolar cycloadditions ([3+2] systems) between azides and alkynes 
or nitriles and termed them click reactions. Later, click chemistry strategy was 
successfully applied to macromolecular chemistry, affording polymeric materials 
varying from block copolymers to complex macromolecular structures. Click 
reactions permit C–C (or C–N) bond formation in a quantitative yield without side 
reactions or requirements for additional purification steps. Diels-Alder (DA) 
xxvi 
 
reaction, a [4+2] system, is a cycloaddition between a conjugated diene and a 
dienophile. DA reaction has attracted much attention based on the macromolecular 
chemistry, particularly in providing new materials. A new reversible coupling 
strategy is termed Atom Transfer Nitroxide Radical Coupling (ATNRC) in which the 
occurs polymeric radical and it’s immediately captured by another end-functional 
polymer. Another one of the click reaction is Thiol-ene click in which enes process 
by a radical via occuring thermally or photochemically. DA, CuAAC, ATNRC and 
Thiol-ene have the attributes of click reactions which are usefull to prepare block 
copolymer. 
The synthesis of block copolymers between structurally different polymers i.e. 
condensation and vinyl polymers, by a single polymerization method is rather 
difficult due to the nature of the respective polymerization mechanisms. 
Furthermore, utilization of a single method often excludes monomers that polymerize 
by other mechanisms. In order to extend the range of monomers for synthesis of 
block copolymers, transformation approach was postulated by which the 
polymerization mechanism could be changed from one to another which is suitable 
for the respective monomers. A transformation reaction is an elegant way to 
synthesize block and graft copolymers of monomers that polymerize with different 
mechanisms. In this concept, a polymer, obtained by a particular polymerization 
mechanism, is functionalized either by initiation or termination steps. The polymer is 
isolated and purified, and finally the functional groups are converted to another kind 
of species capable of initiating polymerization of the second monomer. Living 
polymerization techniques are essential processes for obtaining well-defined 
macromolecules with controlled molecular weight, polydispersity index, and 
architecture and terminal functionalities. A wide range of transformation reactions 
combining various living ionic polymerization methods were successfully used to 
synthesize block copolymers that can not obtained by a single method. Living ionic 
polymerizations have also been combined with conventional free radical 
polymerization. 
In this thesis, we described the synthesis of random heterograft brush copolymers 
with the different funtionalized which were obtained via combination of different 
polmerization and click reaction techniques. 
In the first strategy, anthracene functionalized oxanorbornene, bromide 
functionalized oxanorbornene and tosyl functionalized oxanorbornene were prepared 
as ROMP monomers and characterized. After, the ROMP monomers were used to 
obtain random copolymer with ROMP reaction strategy (Figure 1). 
xxvii 
 
 
 
Figure 1 :
 ROMP reaction of random copolymer via Grubbs’ catalyst. 
 
Secondly, 1-propanethiol functionalized poly(ONB-anthracene-co-ONB-Br-co-
ONB-OTs)10  and N-acetyl-L-cysteine methyl-ester  functionalized poly(ONB-
anthracene-co-ONB-Br-co-ONB-OTs)10 random copolymers were obtained by thiol-
ene click reactions (Figure 2).  
 
 
 
Figure 2 : Thiol-ene click reactions to functionalize random copolymers by using 
thermal initiator, ABCVA.
 
 
 
Finally, ATRP, ROP and esterification esterification reactions were used preparation 
of linear polymers which were PMMA-MI, PCL-Alkyne and PEG-TEMPO. 
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Afterwards, linear polymers were grafted to heterograft block copolymers via DA, 
ATNRC and CuAAC (Figure 3). 
 
 
 
Figure 3 : DA, ATNRC and CuAAC click reactions to obtain heterograft brush 
copolymers. 
 
As a conclusion, 1-propanethiol functionalized poly(ONB-g-PMMA-co-ONB-g-
PEG-co-ONB-g-PCL)10 and N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 heterograft brush 
copolymers carried out and polymers (Figure 3) were characterized via GPC, 
1
H-
NMR, FT-IR and UV spectroscopy. 
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DÖRTLÜ CLİCK REAKSİYONLARI İLE FONKSİYONLU-FARKLI 
KOLLU AŞI KOPOLİMERLERİ SENTEZİ 
ÖZET 
Günümüzde, sadece yeni tür polimerik malzemelerin sentezi değil, varolan 
polimerlerin yeni uygulamalarda kullanılmak üzere modifikasyonları da ciddi 
derecede önem kazanmıştır. Son yıllarda, Kontrollü/Yaşayan Radikal 
Polimerizasyonu (C/LRP), iyi tanımlanmış blok, aşı ve fonksiyonel polimerlerin 
sentezinde önemli bir yöntem haline gelmiştir. Kompleks makromoleküllerin 
sentezinde, yaşayan iyonik polimerizasyona kıyasla çeşitli monomer türlerine 
uygulanabilmesi ve deneysel koşullara karşı yüksek tolerans göstermesi nedeniyle 
Atom Transfer Radikal Polimerizasyonu (ATRP), Nitroksit Ortamlı Radikal 
Polimerizasyonu (NMP), Halka Açılması Polimerizasyonu (ROP) ve Tersinir 
Eklenme Ayrılma Zincir Transfer Polimerizasyonu (RAFT) gibi C/LRP yöntemleri 
hızla gelişerek farklı fonksiyonel gruplara ve çeşitli topolojik özellikleri sahip 
kompleks makromoleküllerin eldesini sağlamıştır. 
Dallanmış polimerlerin özel bir sınıfı olan aşı polimerleri yan zincinlerinde yapısal 
olarak farklı homopolimerleri barındırırlar. Sahip oldukları lineer olmayan yapısı, 
farklı bileşimi ve topolojisinden dolayı önemli bir yere sahiptirler. Aşı polimerleri 
sahip oldukları düşük erime yoğunluğu sayesinde kolayca işlenebildiği gibi lineer 
polimerlere oranla çok daha iyi fiziksel ve kimyasal özellikler gösterirler. Aşı 
polimerleri 3 farklı yöntemle elde edilir; (i) önce yan zincirler düzenlenir ve ana 
zincire bağlanır; (ii) monomer ana zincirden aşılanır; (iii) makromonomerlerin 
kopolimerizasyonu ile elde edilir. Bu bağlamda aşı polimerlerini elde etmek için 
C/LRP’ nin bir sınıfı olan RAFT, en geniş kapsamda çalışılan polimerizasyon 
türüdür. C/LRP metotları içinde tartışmasız en uygun teknik olmakla birlikte, çeşitli 
deney koşulları altında polimerleşme, monomer seçimi ve fonksiyonel grup toleransı 
ile iyice karakterize edilmiş polimer malzemelerinin eldesine izin vermesi nedeniyle 
RAFT sıkça tercih edilir.  
Monomerden kolaylıkla polimer elde etmeyi mümkün kılan bir diğer C/LRP türü ise 
ATRP’dir. ATRP’nin temeli radikal oluşumu ve polimerizasyonun oluşan radikal 
üzerinden yürümesidir. Radikal polimerizasyonu birkaç monomerden yüzlerce 
monomere kadar polimerleşmeyi gerçekleştirebildiği gibi su ortamında emülsiyon ya 
da süspansiyon polimerizasyonunu da mümkün kılar. ATRP’de kullanılan geçiş 
metallerinin halojenli bileşikleri, redoks reaksiyonu ile indirgenip-yükseltgenerek 
tersinir bir mekanizmayı meydana getirir. İşte bu tersinir mekanizma ile polimer 
zincirleri neredeyse aynı anda meydana gelerek düşük polidispersiteli polimerlerin 
eldesini mümkün kılar. Diğer bir C/LRP türü olarak kabul edilen ROP ise 
makromoleküler malzemelerin sentezinde geniş ölçüde uygulanarak halkalı 
monomerlerin  açılarak lineer polimerlere dönüşmesini sağlayan eşsiz bir 
polimerleşme türüdür. Bizim deneyimizde de maleimid sonlu PMMA ve alkin sonlu 
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PCL sentezinde sırasıyla ATRP ve ROP yöntemlerinden yararlanılmıştır. TEMPO uç 
fonksiyonlu PEG ise esterleşme reaksiyonu ile elde edilmiştir.   
Halka-açılması metatez polimerizasyonu (ROMP) makromoleküler materyellerin 
sentezinde geniş alanda kullanılan bir polimerizasyon türüdür. ROMP 
polimerizasyonunda başlatıcı ve katalizör görevini üstlenen Schrock ve Grubbs 
katalizörleri bulunur. Schrock türü katalizör molibden, Grubbs türü katalizörler ise 
rutenyum içermektedir. Grubbs türü katalizörler 1. ve 2. nesil olmak üzere 2’ye 
ayrılır. Bu tezde random kopolimer sentezi için, 1. nesil Grubbs katalizörü 
kullanılarak ROMP tekniğinden faydalanılmıştır (Şekil 1). 
Son yıllarda, Sharpless ve grubu azidler ve alkin/nitriller arasındaki Huisgen 1,3-
dipolar siklokatılmalarda ([3 + 2] sistemi) Cu(I)’i baz ile birleştirip katalizör olarak 
kullandılar ve bu reaksiyonu click reaksiyonu olarak adlandırdılar. Daha sonra click 
kimyası blok kopolimerlerden karmaşık makromoleküler yapılara kadar değişen 
birçok polimerik malzemenin sentezinde başarılı bir şekilde uygulandı. Click 
reaksiyonları, yan reaksiyonlara neden olmadan ve ilave saflaştırma işlemlerine 
gerek duyulmadan kantitatif verimle C–C (veya C–N) bağ oluşumuna izin 
vermektedir. Click kimyası kantitatif verim,yüksek toleranslı, solventlere karşı 
dirençli olduğundan yaygın olarak kullanılır. Günümüzde, “clik kimyası” terimi 
altında sınıflandırılan Diels-Alder (DA), bakır katalizli azid-alkin siklokatılma 
(CuAAC), atom transfer radikal birleşme reaksiyonu (ATNRC) ve tiyol-en 
tepkimeleri blok polimerlerin eldesinde güçlü bir alternatif yöntem olarak ortaya 
çıkmıştır. DA reaksiyonları ise konjuge bir dien ile dienofil bileşiğinin siklo 
katılması ile meydana gelir ve makromoleküllerin sentezinde önemli bir yere 
sahiptir. ATNRC metodu, TEMPO içeren polimerler ile Br içeren polimerlerin 
CuBr/PMDETA katalizör sistemi varlığında gerçekleştirilen bir reaksiyonudur. 
Yukarıda bahsedilen click yöntemleri aşı polimerlerinin eldesinde kullanılan 
‘grafting onto’ yöntemine iyi bir biçimde uyum göstermektedir. Ayrıca bu yönteme 
uyarlanan click teknikleri yüksek verimlilik sağlarken, istenilen topolojide blok ve 
aşı polimerlerinin eldesi için uygundur. 
Bu çalışmada, iyi tanımlanmış ana ve yan zincirleri ile 1-propantiyol fonksiyonlu  
poli(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 ve N-asetil-L-sistein metil-
ester fonksiyonlu poli(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 aşı 
kopolimerleri ‘grafting onto’ yöntemi kullanılarak çeşitli polimerizasyon türleri ve 
klik reaksiyonları ile elde edilmiştir. 
İlk olarak ROMP monomerleri diye adlandırdığımız ONB-Ant, ONB-Br ve ONB-
Tosil sentezlendi. Ardından Grubbs katalizörü eşliğinde ROMP yöntemi ile random 
kopolimer elde edildi (Şekil 1). 
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Şekil 1 : Grubbs katalizörü eşliğinde ROMP tekniğiyle random kopolimer eldesi. 
 
İkinci olarak, tiyol-en klik reaksiyonu ile 1-propantiyol fonksiyonlu poli(ONB-
anthracene-co-ONB-Br-co-ONB-OTs)10 ve N-asetil-L-sistein metil-ester  
fonksiyonlu poli(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 random 
kopolimerleri elde edildi (Şekil 2). 
 
 
Şekil 2 : Termal başlatıcı olarak ABCVA’nın kullanıldığı tiyol-en klik reaksiyonu ile 
random kopolimerlerin eldesi.  
Son olarak, ATRP, ROP ve esterleşme reaksiyonları ile elde edilen PMMA-MI, 
PCL-Alkin ve PEG-TEMPO lineer polimerleri, DA, ATNRC ve CuAAC click 
yöntemleri kullanılarak 1-propantiyol ve N-acetyl-L-cysteine methyl-ester 
fonksiyonlu random kopolimerlerine aşılandı (Şekil 3). 
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Şekil 3 : DA, ATNRC and CuAAC click reaksiyonları ile aşı kopolimerin eldesi. 
 
Sonuç olarak, iyi tanımlanmış 1-propantiyol fonksiyonlu poli(ONB-g-PMMA-co-
ONB-g-PEG-co ONB-g-PCL)10 ve N-acetyl-L-sisteyin metil-ester fonksiyonlu 
poli(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 aşı  kopolimerleri başarıyla 
sentezlenmiştir. Polimerler GPC, 1H-NMR, FT-IR and UV spektroskopisi ile 
karakterize edilmiştir. 
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1.  INTRODUCTION 
The ionic polymerizations (anionic or cationic) were the only living systems 
available until recently. These systems give the polymers with the controlled 
molecular weight, well-defined chain ends and low polydispersity. However, in 
recent years, a very fast growing the controlled/living radical polymerization 
(C/LRP) offers some advantages over ionic polymerization due to undemanding the 
rigorous experimental conditions and applicability to a wide range of monomers. 
Recent developments in C/LRP methods provide the possibility to synthesize 
polymers such as block, graft, star and functional polymers with well-defined 
structures. 
The most widely used methods for C/LRP include atom transfer radical 
polymerization (ATRP) , nitroxide mediated radical polymerization (NMP), and 
reversible addition-fragmentation chain transfer polymerization (RAFT) . Among 
them, ATRP is one of the most widely employed methods because of the high 
controllability, a wide variety of available monomers involving methacrylates, 
acrylates, styrene and vinyl esters, and the stability and easy accessibility of the 
carbon-halogen bonds as the initiating sites. 
The “click chemistry” concept was introduced by Sharpless and co-workers in 2001 
[11]. Selected reactions were classified as click chemistry if they were modular, 
stereospecific, wide in scope, resulted in high yields, and generated only safe 
byproducts. Several efficient reactions such as copper(I)-catalyzed azide-alkyne 
cycloaddition (CuAAC), Diels-Alder (DA) and hetero Diels-Alder (HDA) 
cycloadditions, thiol additions to double bond (thiol-ene), nucleophilic substitution 
and radical reactions can be classified under this term. Since their fast growth, click 
chemistry strategies have been rapidly integrated into the field of macromolecular 
enginering and extensively been used in the synthesis of polymers ranging from 
linear to complex structures.  
Block copolymers are a fascinating class of polymeric materials belonging to a big 
family known as ‘‘soft materials’’. This class of polymers is made by the covalent 
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bonding of two or more polymeric chains that, in most cases, are thermodynamically 
incompatible giving rise to a rich variety of microstructures in bulk and in solution. 
The variety of microstructures gives rise to materials with applications ranging from 
thermoplastic elastomers to adhesives. In addition, block copolymers are very strong 
candidates for potential applications in advanced technologies such as information 
storage and drug delivery. There are four synthetic routes for the preparation of block 
copolymers with well-defined architecture. These include sequential monomer 
addition, transformation, the use of dual or heterofunctional initiator and coupling 
reactions. In the case of sequential monomer addition method, there are two routes 
now available for the synthesis of block copolymers with well-defined manner. First 
technique is the in-situ addition of the second monomer to a living polymerization 
system near the first one’s completion. Second technique is the isolation of the first 
segment, macroinitiator, and then utilization of the macroinitiator for the growth of 
the second segment via same method used for the polymerization of the first 
segment. The transformation approach includes a change in the polymerization 
mechanism from one to another. In this concept, a polymer, obtained by a living 
polymerization mechanism is isolated and purified, and finally the functional 
endgroup is converted to another kind of species capable of initiating polymerization 
of the second monomer. Dual initiator method includes two or more different 
initiation sites that are capable of initiating concurrent polymerization mechanisms 
independently and selectively. Coupling reactions include the conjugation of two 
different living polymer chains through efficient organic reactions such as atom 
transfer nitroxide radical coupling (ATNRC) and click coupling methods. 
In this thesis we synthesized of well-defined heterograft brush copolymers generated 
from a combination of ROMP, ROP, ATRP polymerizations and DA, ATNRC, 
CuAAC, Thiol-ene click reactions. The ROMP technique is specially chosen for the 
construction of a well-defined main backbone. Anthracene functionalized 
oxanorbornene, bromide functionalized oxanorbornene and tosyl functionalized 
oxanorbornene were obtained which were ROMP monomers. They were used to 
carry out random copolymer via ROMP reaction with first generation Grubbs’ 
catalyst in CH2Cl2 at room temperature. 1-propanethiol functionalized poly(ONB-
Anth)-b-poly(ONB-bromide)-b-poly(ONB-OTs) and N-acetyl-L-cysteine methyl-
ester functionalized poly(ONB-Anth)-b-poly(ONB-bromide)-b-poly(ONB-OTs) 
were obtained via thiol-ene click reaction with termal initiator which was ABCVA at 
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80 
o
C. Afterwards, PMMA-MI, PEG-TEMPO and PCL-Alkyne linear polymers were 
synthesized via ATRP, esterification, ROP reaction, respectively. Furan protected 
maleimide end-functionalized PMMA was clicked to random copolymer in toluene 
at 40 
o
C via DA reaction. TEMPO terminated PEG was used to obtain 1-propanethiol 
functionalized poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-OTs)10 heterograft 
block copolymer in DMF at room temperature via ATNRC reaction. PCL-Alkyne 
was used to carry out 1-propanethiol functionalized poly(ONB-g-PMMA-co-ONB-g-
PEG-co-ONB-PCL)10 heterograft brush copolymer in DMF at 40 
o
C via in-situ 
azidation and CuAAC reaction. N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-PCL)10 heterograft brush copolymer 
was obtained with PEG-TEMPO and PCL-Alkyne by using in-situ azidation, 
ATNRC and CuAAC reactions in DMF at room temperature. 
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2.  THEORETICAL PART 
2.1 Living Polymerization 
Living polymerization was first defined by Michael Szwarc in 1956 as a chain 
growth process without chain breaking reactions (transfer and termination) [1]. These 
chain breaking processes were avoided with the development of special high vacuum 
techniques to minimize traces (<1 ppm) of moisture and air in the anionic 
polymerization of non-polar vinyl monomers [2,3]. The techniques were first 
implemented in an academic setting but were quickly adapted on an industrial scale, 
which ultimately led to the mass production of several commercial products, most 
notably well-defined block copolymers capable of performing as thermoplastic 
elastomers [4].  
The synthesis of such copolymers by living anionic polymerization demands fast 
initiation and relatively slow propagation in order that the distribution of block 
lengths be controlled. These requirements can be achieved with the use of alkyl 
lithium initiators in non-polar solvents via the formation of ion pairs or their 
aggregates. Polymerization ensures end-group control and enables the synthesis of 
block copolymers by sequential monomer addition. However, it does not provide for 
molecular weight control narrow molecular weight distributions (MWD). Additional 
prerequisites to achieve these goals are that the initiator should be consumed at early 
stages of polymerization and that exchange between species of various reactivities is 
fast comparison with propagation. If these additional criteria are met , a controlled 
polymerization results. Polymerization can also be defined as controlled if side 
reactions ocur, but only to an extent which does not considerably disturb the control 
of the molecular structure of the polymer chain [4-8]. So, to overcome these 
problems a new idea is discovered for radical polymerization which is called 
controlled radical polymerization. 
Michael Szwarc not only contributed to the development of anionic polymerization 
but was also involved throughout the 1950s in detailed studies of radical processes 
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[10–17]. While living anionic vinyl polymerization was being discovered and 
developed, conventional radical polymerization was already flourishing. Many new 
products were commercialized, and a comprehensive theory of radical 
polymerization was developed [18–22]. 
2.2 Controlled/ ‘‘Living’’ Radical Polymerizations (C/LRP) 
Recently, many new ‘living’ polymerization systems, such as carbocationic, ring-
opening metathesis, group transfer, and radical polymerizations, have been 
developed. The term ‘living’ indicates sysnthesis of well-defined polymers under 
conditions in which chain breaking reations undoubtedly occur, as in radical 
polymerization, but polymerizations system which lead to well-defined polymers but 
are not completely free of termination or transfer, as are radical polymerizations, 
should be named controlled rather than living. Since many researches are used to the 
term living, the term controlled/’living’ may also describe the esence of these 
systems [9,23]. 
Conventional free radical polymerization consists of four elementry steps: initiation, 
propagation, termination, and chain-transfer reactions. In contrast to ionic 
polymerizations, the propagating radical species undergo bimolecular termination 
reactions by recombination or disproportionation to give dead polymers. The 
propagating radical also undergoes a chain-transfer reaction to generate a new 
propagating radical and a dead polymer chain. However, because of slow initiation 
and fast radical-radical termination reactions, the resulting materials are polydisperse 
(Mw/Mn>1.5), and the control over molecular weight and functionality is very 
difficult. 
Consequently, the in effectiveness to accurately control molecular weight 
distribution and end functional groups, great progress has been made toward free 
radical polymerization achieving better control over polymer structure and 
possessing the characteristics of a living process. Thus, the concept of 
controlled/‘‘living” radical polymerization (C/LRP) has been introduced in which the 
control and precision of living polymerization and the robustness of radical 
polymerization are put together in a single process [24-28]. C/LRP is a powerful 
process, which allows the preparation of polymers with well-defined features such as 
control molecular weights, narrow molecular weight distributions (Mw/Mn<1.1), high 
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degrees of functionality and compositional variation under relatively facile 
conditions. 
Controlled/’living’ systems lead to polymers with deegres of polymerization 
predetermined by ratio of the concentrations of consumed monomer to the introduced 
initiator (2.1). 
                                             (2.1) 
Experimentally, the best way to evaluate such systems is in order to follow the 
kinetics of polymerization ans evollution of monomer weights, polydispersities and 
functionalities with conversion.  
Nearly all new controlled/’living’ polymerizations are based on exchange between 
active and dormant species. The activation and deactivation process may take place 
uni- or bimoleculary (Figure 2.1).  
 
Figure 2.1 : General mechanism of C/LRP. 
The dormant species Pn-X can be activated either spontaneously (thermally) or in the 
presence of catalyst (Y), the rate constant of activation being ka (or kact) to form the 
active species Pn
*
. This process is reversible and the active species are deactivated 
with the rate constant of deactivation being kd (or kdeact) by deativator X or XY. Only 
active species propagate with the rate constant of propagation (kp). 
Consequently, the polydispersites and molecular weight control are defined by the 
relative ratios of the rates of deactivation and propagation (kp) key to molecular 
weight control mainly lies in the predominant formation of the dormant species from 
the growing radical species, as well as the establishment of an extremely fast 
activation-deactivation process relative to the fast propagation. 
Although not truly ‘‘living”, this was the starting point for a C/LRP process.  
Nowadays, among the most efficient C/LRP systems are nitroxide-mediated radical 
polymerization (NMP) [29,30] which was  introduced first time by Georges and co-
workers, Matyjaszewski and Sawamoto improved  metal catalzed (Cu, Ru) living 
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radical polymerization also called atom transfer radical polymerization (ATRP) [31-
34].  and reversible addition-fragmentation chain transfer (RAFT) was reported by 
Rizzardo and Thang [29,31,34,39].  
2.2.1 Atom Transfer Radical Polymerization (ATRP) 
Atom transfer radical polymerization is a controlled/“living” polymerization based 
on the use of radical polymerization to convert monomer to polymer. An alternative 
was sought because other types of living polymerizations are severely limited by 
many factors: only a small number of monomers can be used, the reactions are 
sensitive to moisture, and two or more monomers cannot be randomly 
copolymerized. Radical polymerization, in contrast, can polymerize hundreds of 
monomers, can copolymerize two or more monomers, and can be performed in water 
as emulsions or suspensions. Controlled/“living” radical polymerization promised to 
overcome these limitations and provide a method to maximize the potential of living 
polymerizations. 
In 1995, Matyjaszewski and Sawamoto were the first to develop a transition-metal 
mediated controlled/‘‘living” radical polymerization that used a simple, inexpensive 
polymerization system[31,53]. It is capable of polymerizing a wide variety of 
monomers, is tolerant of trace impurities (water, oxygen, inhibitor), and is readily 
applicable to industrial processes. The system that was developed was termed ‘atom 
transfer radical polymerization’ (ATRP).  
The control of the polymerization afforded by ATRP is a result of the formation of 
radicals that can grow, but are reversibly deactivated to form dormant species. 
Reactivation of the dormant species allows for the polymer chains to grow again, 
only to be deactivated later. Such a process results in a polymer chain that slowly, 
but steadily, grows and has a well-defined end group (for ATRP that end group is 
usually an alkyl halide). 
A general mechanism for ATRP is shown in Figure 2.2. ATRP is based on the 
reversible homolytic cleavage of carbon-halogen bond by a redox reaction.The 
propagating species Pn
*
, are generated through by a transition metal complex 
(activator, Mt
n
 –Y / ligand, where Y may be another ligand or a counterion) that 
undergoes a one-electron oxidation with concomitant abstraction of a 
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(pseudo)halogen atom, X, from a dormant species, Pn–X. Radicals react reversibly 
with the oxidized metal complexes, X–Mt 
n+1
 / ligand, the deactivator, to reform the 
dormant species and the activator.  
 
Figure 2.2 : General mechanism of ATRP. 
These processes are rapid, and the dynamic equilibrium that is established favors the 
dormant species which occurs with a rate constant of activation, kact, and deactivation 
kdeact, respectively. By this way, all chains can begin growth at the same time, and the 
concentration of the free radicals is quite low, resulting in reduced amount of 
irreversible radical-radical termination. Polymer chains grow by the addition of the 
free radicals to monomers in a manner similar to a conventional radical 
polymerization, with the rate constant of propagation, kp. Termination reactions (kt) 
also occur in ATRP, mainly through radical coupling and disproportionation; 
however, in a well-controlled ATRP, no more than a few percent of the polymer 
chains undergo termination. Other side reactions may additionally limit the 
achievable molecular weights.  
ATRP remains the most powerful, versatile, simple, and inexpensive. Only ATRP 
has been able to polymerize a wide range of monomers including various styrenes, 
acrylates and methacrylates as well as other monomers such as acrylonitrile, vinyl 
pyridine, and dienes. ATRP commonly uses simple alkyl halides as initiators and 
simple transition metals (iron, copper) as the catalysts. These catalysts can be used in 
very low amounts, whereas, other controlled polymerization systems require the use 
of expensive reagents in much higher concentrations. 
2.2.1.1 Basic Components of ATRP 
As a multicomponent system, ATRP is composed of the monomer, an initiator with a 
transferable (pseudo) halogen, and a catalyst (composed of a transition metal species 
with any suitable ligand). Sometimes an additive is used. For a successful ATRP, 
other factors, such as solvent, must also be taken into consideration. 
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Monomers 
A variety of monomers have been successfully polymerized using ATRP. Typical 
monomers include styrenes, (meth)acrylates, (meth)acrylamides, and acrylonitrile, 
which contain substituents that can stabilize the propagating radicals [54-55]. In the 
absence of any side reactions other than radical termination by coupling or 
disproportionation, the magnitude of the equilibrium constant (Keq = kact/kdeact) 
determines the polymerization rate. ATRP will not occur or occur very slowly if the 
equilibrium constant is too small. In contrast, too large an equilibrium constant will 
lead to a large amount of termination because of a high radical concentration. This 
will be accompanied by a large amount of deactivating higher oxidation state metal 
complex; which will shift the equilibrium toward dormant species and may result in 
the apparently slower polymerization [13]. Each monomer possesses its own intrinsic 
radical propagation rate. Thus, for a specific monomer, the concentration of 
propagating radicals and the rate of radical deactivation need to be adjusted to 
maintain polymerization control. However, since ATRP is a catalytic process, the 
overall position of the equilibrium not only depends on the radical (monomer) and 
the dormant species, but also can be adjusted by the amount and reactivity of the 
transition-metal catalyst added. 
Initiators 
The main role of the initiator is to determine the number of growing polymer chains. 
If initiation is fast and transfer and termination negligible, then the number of 
growing chains is constant and equal to the initial initiator concentration. The 
theoretical molecular weight or degree of polymerization (DP) increases with the 
initial concentration of initiator in living polymerization (2.2) [56].  
                                                          (2.2) 
Organic halides having a labile carbon-halogen bond are the most successfully 
employed initiators in ATRP. In general, these organic halides possess electron 
withdrawing groups and/or atoms such as carbonyl, aryl, cyano, or halogens at α- 
carbon to stabilize the generated free radicals. The common way to initiate is via the 
reaction of an activated (alkyl) halide with the transition-metal complex in its lower 
oxidation state. To obtain well-defined polymers with narrow molecular weight 
distributions, the halide atom, X, should rapidly and selectively migrate between the 
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growing chain and the transition metal complex. When X is either bromine or 
chlorine, the molecular weight control is best. Iodine works well for acrylate 
polymerizations in copper-mediated ATRP and has been found to lead to controlled 
polymerization of St in ruthenium and ruthenium-based ATRP [57-59]. The carbon– 
fluorine bond strength is too strong for the fast activation–deactivation cycle with 
atom transfer. To obtain similar reactivity of the carbon-halogen bond in the initiator 
and the dormant polymer end, the structure of the alkyl group, R, of the initiator 
should be similar to the structure of the dormant polymer end. Typical examples 
would be the use of ethyl 2-bromoisobutyrate and a Cu(I) complex for the initiation 
of a methacrylate polymerization [60], or 1-phenylethyl chloride for the initiation of 
a styrene polymerization [5].  
Also the use of di-, tri-, or multifunctional initiators is possible, which will result in 
polymers growing in two, three, or more directions. Besides, some pseudohalogens, 
specifically thiocyanates and thiocarbamates, have been used successfully in the 
polymerization of acrylates [60].  
The alternative way to initiate ATRP is via a conventional free-radical initiator, 
which is used in conjunction with a transition-metal complex in its higher oxidation 
state. Typically one would use AIBN in conjunction with a Cu(II) complex. Upon 
formation of the primary radicals and/or their adducts with a monomer unit, the 
Cu(II) complex very efficiently transfers a halogen to this newly formed chain. In 
doing so the copper complex is reduced, and the active chain is deactivated. This 
alternative way of initiation was termed “reverse ATRP” [61]. 
In briefly, the initiator is generally a simple, commercially available, alkyl halide. 
The catalyst is a transition metal that is complexed by one or more ligands; the 
catalyst does not need to be used in a one-to-one ratio with the initiator but can be 
used in much smaller amounts. The deactivator can be formed in situ, or for better 
control, a small amount (relative to the catalyst) can be added. Additionally, the 
catalyst is tolerant of water and trace amounts of oxygen. 
Catalysts 
Perhaps the most important component of ATRP is the catalyst which is the key to 
ATRP since it determines the position of the atom transfer equilibrium and the 
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dynamics of exchange between the dormant and active species. There are several  
prerequisites for an efficient transition metal catalyst.  
1. The metal center must have at least two readily accessible oxidation states    
separated by one electron.  
2. The metal center should have reasonable affinity toward a halogen.  
3. The coordination sphere around the metal should be expandable on oxidation to  
selectively accommodate a (pseudo) halogen.   
4. The ligand should complex the metal relatively strongly.  
5. Eventually, the position and dynamics  of the ATRP equilibrium should be  
appropriate for the particular system. To differentiate ATRP from the conventional  
redox-initiated polymerization and induce  a controlled process, the oxidized  
transition metal should rapidly deactivate the propagating polymer chains to form the  
dormant species [34]. 
Various transition metals, such Re [58], Ru [31, 62], Rh [63], Fe [64-69], Ni [70, 71], 
Pd [72] and Cu [33,34] has been successfully used as catalysts for ATRP. Among 
them, Cu seems to be the most efficient metal as determined by the successful 
application of its complexes as catalysts in the ATRP of a broad range of monomers 
in diverse media. A recent work from Sawamoto and co-workers shows that the Ru-
based complexes can compete with the Cu-based systems on many fronts. A specific 
Fe-based catalyst has also been reported to polymerize vinyl acetate via an ATRP 
mechanism. The transition metal complex is very often a metal halide, but 
pseudohalides, carboxylates, and compounds with noncoordinating triflate and 
hexafluorophosphate anions were also used successfully [73].  
Ligands 
In ATRP, ligand has a critical role for the activation/deactivation equilibrium. The 
type of a ligand including electronic, steric and solubility characters, greatly affects 
the reactivity of the catalyst complex and control over the polymerization [33,74]. 
The principal of a ligand in ATRP is in order to solubilize the transition metal salt in 
the organic media and to adjust the redox potential and halogenophilicity of the metal 
center forming a complex with an appropriate reactivity and dynamics for the atom 
transfer. The ligand should complex strongly with the transition metal, and should 
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also allow expansion of the coordination sphere, and should allow selective atom 
transfer without promoting other reactions.  
Ligands for ATRP systems include multidentate alkyl amines, pyridines, 
pyridineimines, phosphines, ethers or half-metallocene species. Copper complexes 
with various multidentate N-containing ligands are most often used as ATRP 
catalysts such as PMDETA, and tris[2-(dimethylamino) ethyl]amine (Me6-TREN). 
[75] The ATRP catalytic activity of Cu(I) complexes increases in the order 
bipyridine (bpy)< 1, 1, 4, 7, 10, 10- hexamethyltriethylene tetramine (HMTETA)< 
PMDETA< tris(2-pyridylmethyl)amine (TPMA)< Me6-TREN< dimethyl cross-
bridge cyclam (DMCBCy). The most active complex known to date is derived from 
the cross-bridged cyclam ligand DMCBCy [33]. 
While nitrogen ligands are typically used for copper-based ATRP, phosphorus-based 
ligands are used for most other transition metals in ATRP. 
Solvents 
ATRP can be fulfilled either in bulk, in solution, or in heterogeneous systems (e.g. 
emulsion and suspension). Generally used solvents are nonpolar, such as toluene, 
xylene, benzene but some polar aprotic solvents, such as anisole, p-
dimethoxybenzene, diphenyl ether, N,N-dimethylformamide, ethylene carbonate, 
acetonitrile, and polar protic solvents such as alcohols and water have been 
successfully used in ATRP. The solvent can have a large influence on the 
polymerization reaction, both on the polymerization rate and the final properties of 
the prepared polymer. The influence of solvents on the polymerization rate is 
attributed to a change in the the structure of the catalyst and/or a change in the 
solubility of the catalyst complex. For example, when the ATRP of n-butyl acrylate 
was carried out with CuBr/bipyridine complex as catalayst in different sonvents also 
in bulk, the polymerization rate was found to decrease in the order: ethylene 
carbonate> bulk> anisole> p-dimethoxybenzene> diphenyl ether> propylene 
carbonate [76]. A solvent is sometimes necessary, especially when the polymer is 
insoluble in its monomer (e.g., polyacrylonitrile). Several factors affect the solvent 
choice. Chain transfer to solvent should be minimal. In addition, specific interactions 
between solvent and the catalytic system should be considered. Catalyst poisoning by 
the solvent (e.g., carboxylic acids or phosphine in copper-based ATRP)  [77] and 
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solvent-assisted side reactions, such as elimination of HX from polystyryl halides, 
which is more pronounced in a polar solvent [78],  should be minimized. 
Among the various methods of C/LRP, facile experimental setup and commercial 
availability of most reagents required for ATRP has resulted in a majority of the 
literature reports concerning the synthesis of polymeric materials with well defined 
compositions, architectures and functionalities. 
However, ATRP has some limitations. ATRP is especially sensitive to oxygen, since 
oxygen can inhibit polymerization not only by the formation of unreactive peroxy 
radicals but also by the irreversible oxidation of transition metal catalysts. To  
overcome this problem using air stable catalysts in their higher oxidation states was 
successfully developed and used as a tool in preparing well-defined polymers [79]. 
Additionally, reducing the concentrations of catalyst would be beneficial from both 
industrial and environmental standpoints. Several modified ATRP techniques have 
been developed that require significantly reduced the amount of catalyst used in 
ATRP systems [80-82]. These techniques include initiators for continuous activator 
regeneration (ICAR) ATRP [83], activator regenerated by electron transfer (ARGET) 
ATRP [84-85], activators generated by electron transfer (AGET) ATRP [86-88] and 
single electron transfer living radical polymerization (SET-LRP) [89-93]. In these 
systems, oxidatively stable Cu(II) complexes were reduced to the Cu(I) complexes at 
the beginning of the reaction with radicals formed by decomposition of radical 
initiators or various reducing agents, such as tin(II) 2-ethylhexanoate [84, 86, 88], 
ascorbic acid [88, 94, 95], phenol [96] or thiophenol and derivatives [97] or sugars 
[98]. SET-LRP is distinct in that it uses metallic copper as the catalyst. 
2.2.2 Nitroxide Medited Radical Polymerization (NMP) 
Georges and co-workers first introduced true nitroxide mediated polymerization 
(NMP) in 1993. NMP is a member of the family of C/LRP systems which process 
has a similar mechanism to the use of iniferters and it has now emerged as one of the 
most versatile for conferring living characteristics on a radical polymerization.  
 The point to the success of this approach is that the concentration of the reactive 
chain ends is reduced by reversible termination of the growing polymeric chain end. 
The low overall concentration of the propagating chain end will minimize undesired 
side reactions, such as irreversible termination reactions through combination or 
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disproportionation. Thus control over the entire polymerization process is achieved 
since all the chains should be initiated only from the desired initiating species and 
propagation should proceed in a controlled fashion.  
 
Figure 2.3 : The principle of NMP. 
The mediating radical is peformed, R
.
, is critical to the success of living free radical 
procedures and a variety of different persistent, or stabilized radicals have been 
employed (Figure 2.3). These range from (arylazo)oxy [40], substituted 
triphenyls,[41] verdazyl [42], triazolinyl [43], nitroxides [44] etc. with the most 
widely studied and certainly most successful class of compounds being the 
nitroxides, especially 2,2,6,6-tetramethylpiperidinoxy (TEMPO), and their associated 
alkylated derivatives, alkoxyamines. 
In general, two procedures have been applied to initiate NMP. On the one hand, the 
alkoxyamine is formed insitu from the nitroxide and radicals generated using a 
conventional initiator for a bimolecular system. On the other hand, the initiation can 
occur by using an alkoxyamine acting as an initiator and a control agent for a 
unimolecular system. Basically, during the NMP, the initiation step occurs under 
thermal conditions. 
Moad, Solomon and Rizzardo first introduced the use of TEMPO for controlled 
radical polymerization [45]. The goal of synthesizing narrowly dispersed polymer 
using the nitroxide remained elusive until a procedure reported by Georges et al. 
[29]. This group synthesized PS with a relatively narrow molecular weight 
distribution (< 1.3) using a bimolecular mixture of benzoyl peroxide and TEMPO.  
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Figure 2.4 : Basic mechanism of NMP. 
While successful in yielding low polydispersity products of predictable molecular 
weight, the poorly defined structure and unknown concentration of the initiating 
species in this process resulted in less than ideal control of the polymerizations 
(Figure 2.4). 
 
Figure 2.5: The structure of the typically used original unimolecular initiators for 
NMP. 
In contrast, thermolysis of a well-defined unimolecular initiator, typically an 
alkoxyamine, provides both the initiating radical and the nitroxide in a 1/1 molar 
ratio. So, the initiator efficiency is close to unity, and the structure of the chain ends 
is well defined with the initiating fragment of the alkoxyamine being attached at the 
α-chain end and the nitroxide at the ω-chain end of the chains (Figure 2.6).  
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Figure 2.6 : Effect of thermolysis of a well-defined intiator in NMP. 
The importance of this is great, as each polymer chain initiated will be capped by 
nitroxide leading to controlled living polymerization and ultimately polymers with 
low MWD. The amount of initiator added to the polymerization can be accurately 
weighted, and consequently, the resulting polymer chain length can be determined by 
the monomer to initiator ratio.  
Although NMP is one of the simplest methods of living free radical polymerization, 
it has many disadvantages. The major disadvantage of NMP results from the limited 
scope of monomers and requirement of a high temprature (110 ºC). Notable advances 
have been accomplished with the appearances of novel nitroxides [45-48]. 
 
Figure 2.7 : Second generation cyclic nitroxides for NMP. 
The structure of the nitroxides strongly affects their ability to efficiently mediate 
C/LRPs of various monomers. Different nitroxides have been developed and used for 
NMP, many of which have proved to be far superior to the TEMPO type, giving 
better molecular weight distributions in addition to faster polymerizations. 
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Polymerization of non-styrenic monomers by NMP was made possible with the 
development of second generation acyclic nitroxides (Figure 2.7) [46]. 
Compared with other reversible-deactivation radical polymerization methods, NMP 
possesses several advantages, such as easier product purification and an excellent 
functional group tolerance since no metal complex is used [50-52]. 
2.2.3 Atom reversible addition-fragmentation chain transfer process (RAFT) 
A subclass of C/LRP systems, reversible addition-fragmentation chain transfer 
(RAFT) polymerization, is one of the most extensively studied C/LRP methods [36]. 
RAFT polymerization is arguably the most adaptable of all the C/LRP techniques 
due to the ability of polymerizations to be conducted under a variety of conditions 
[99]. It is the most flexible technique with respect to monomer choice and functional 
group tolerance and allows for the construction of well-defined polymeric materials 
with complex architectures. Moreover, a distinct advantage of RAFT polymerization 
is its relative simplicity and versatility, since conventional free radical 
polymerizations can be readily converted into a RAFT process by adding an 
appropriate RAFT agent while other reaction parameters can be kept constant. 
 
Figure 2.8 : Category of RAFT agents into four classes depending on the different 
substituent group. 
The selection of an appropriate RAFT agent for any particular monomer is probably 
the most crucial step in performing a successful RAFT polymerization. RAFT agent 
have in common to contain a thiocarbonylthio function, and their structure can be 
schemed as [Z-(C=S)S-R] (Figure 2.8), where the R and Z groups both play vital 
roles in a controlled/living fashion. The R group must be a better leaving group and 
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efficiently reinitiate polymerization and the Z group should first activate the C=S 
bond toward radical addition and then stabilize the intermediate radical formed. 
RAFT agents can be categorized into four classes depending on the different 
substituent group next to the C=S functionality: dithioesters (Z = alkyl or aryl), 
trithiocarbonates (Z = SR), xanthates (dithiocarbonates) (Z = O-alkyl) and 
dithiocarbamates (Z = NR2) (R = alkyl or H) [100,101]. 
Unlike ATRP and NMP, where the equilibrium between the dormant and active, 
propagating chains is based on reversible termination, RAFT polymerization is based 
on reversible or degenerate chain transfer. 
 
Figure 2.9 : General mechanism of RAFT polymerization. 
The generally accepted mechanism for a RAFT polymerization is depicted in Figure 
2.9 [102]. The first step of polymerization is the initiation step, where a radical is 
created and reacts with the monomer (step I). This growing polymer chain rapidly 
adds to the reactive [S=C(Z)SR] bond of the RAFT agent to form a radical 
intermediate (the radical initiator may add directly onto the RAFT agent, before 
reacting with any monomer). Step II shows the fragmentation of the intermediate 
occurring reversibly either toward the initial growing chain or to free the re-initiating 
group (R
•
) and a polymeric RAFT agent. The radical R
•
 can then re-initiate 
polymerization by reacting with the monomers or react back on the polymeric RAFT 
agent (step III). Once the initial RAFT agent has been entirely consumed, the 
polymeric RAFT agent is solely present in the reaction medium and enters 
equilibrium (IV). This equilibrium is considered the main equilibrium, and a rapid 
exchange between active and dormant (thiocarbonyl- thio capped) chains ensures 
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equal probability for all chains to grow, therefore leading to the production of narrow 
polydispersity polymers. Although limited, termination reactions still occur via 
combination or disproportionation mechanisms (step IV). When the polymerization 
is complete, the great majority of the chains contain the thiocarbonylthio moiety as 
the end group which has been identified by 
1
H NMR and UV–vis spectroscopy [37]. 
Additional evidence for the proposed mechanism was provided by the identification 
of the intermediate thioketal radical by electron spin resonance (ESR) spectroscopy 
[103]. 
Many different sources of initiation have been reported for a RAFT polymerization, 
such as the thermal initiation, direct photochemical stimulation of the RAFT agent by 
ultraviolet light or γ radiation and by decomposition of organic initiators. The 
thermal decomposition of radical initiators is, however, the most widely adopted 
method of initiation, due to the commercial availability of such compounds. 
Polymerization temperature is usually in the range of 60–80 oC, which corresponds 
to the optimum decomposition temperature interval of the well-known initiator 
azobis(isobutyronitrile) (AIBN). However, even room temperature and high 
temperature conditions can also be applied [104,105]. Generally, a RAFT agent/free-
radical ratio of 1:1 to 10:1 yields polymers with narrow molecular weight 
distributions. 
Photo- and γ-ray-induced reactions, which use light energy to generate radicals in 
RAFT polymerization, offer a number of advantages compared with thermally 
initiated ones. The major advantage is to allow the polymerization to be conducted at 
room temperature with relatively shorter reaction times. In photoinduced reactions, 
however, the RAFT agent should carefully be selected, as in some cases control over 
the molecular weight cannot be attained, particularly at high conversions because it 
may also decompose under UV light [106]. γ-Ray-induced RAFT polymerization 
appeared to be more penetrating compared with the corresponding UV-induced 
processes [107,108]. 
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2.3 Ring-Opening Metathesis Polymerization (ROMP) 
Although a relatively new player on the field of polymer chemistry, ring-opening 
metathesis polymerization (ROMP) has emerged as a powerful and broadly 
applicable method for synthesizing macromolecular materials. The origins of ROMP 
can be traced to the mid-1950s when various metals and reagents were combined to 
uncover new transformations and reactivities involving olefins. However, the rapid 
rise in popularity and utility of this polymerization technique is the result of 
extensive work on the identification and isolation of key intermediates involved in 
the general olefin metathesis reaction. This led to the development of well-defined 
ROMP catalysts and ultimately enabled the synthesis of a wide range of polymers 
with complex architectures and useful functions [32]. 
 
Figure 2.10 : Catalysts of molybdenum- alkylidene catalysts by R. R. Schrock, the 
1st and 2nd generation of ruthenium-alkylidene catalysts, by R. H. 
Grubbs, respectively. 
It was only in 1971 that a metal-carbene intermediate was proposed by Y. Chauvin, 
to explain – satisfactorily for the first time – the mechanism. This extraordinary 
mechanistic proposal, rationalising Chauvin’s astonishing new observations, was 
immediately embraced by the metathesis community and prompted studies on metal-
carbene initiators culminating in the creation of the molybdenum- alkylidene 
catalysts by R. R. Schrock (2.10a), and the 1st and 2nd generation of ruthenium-
alkylidene catalysts, by R. H. Grubbs (2.10b, 2.10c) [102]. 
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2.3.1 ROMP essentials: mechanism and thermodynamics 
The word metathesis comes from the Greek meta (change) and tithemi (place). In 
olefin chemistry, it refers to the pair-wise exchange of substituents on a carbon-
carbon double bond [102].  
 
Figure 2.11 :  The principle of ROMP. 
Ring-opening metathesis polymerization (ROMP) is a chain growth polymerization 
process where a mixture of cyclic olefins is converted to a polymeric material 
(Figure 2.11). The mechanism of the polymerization is based on olefin metathesis, a 
unique metal-mediated carbon–carbon double bond exchange process. As a result, 
any unsaturation associated with the monomer is conserved as it is converted to 
polymer. This is an important feature that distinguishes ROMP from typical olefin 
addition polymerizations (e.g. ethylene → polyethylene). 
 
Figure 2.12 : The mechanism of ROMP. 
Chauvin proposed a general mechanism for ROMP in 1971 [32]. Initiation begins 
with coordination of a transition metal alkylidene complex to a cyclic olefin (Figure 
2.12). 
After formation of the metal-carbene complex, subsequent [2+2] cycloaddition forms 
a highly strained metallacyclobutane intermediate. The ring in the intermediate opens 
to give a new metal alkylidene. The chain growth process proceeds during the 
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propagation stage until all monomer is consumed. Then living ROMP reaction is 
terminated by adding specialized reagent. 
There are three important features regarding metal-mediated ROMP reactions. First, 
it is important to note that the propagating metal centers on the growing polymer 
chains may exist in either the metallacyclobutane or metal alkylidene form. This 
difference depends on the transition metal and its associated ligands, as well as the 
reaction conditions. Second, like most olefin metathesis reactions, ROMP reactions 
are generally reversible. Third, although most ROMP reactions are reversible, they 
are equilibrium-controlled and the position of the equilibrium (monomer vs. 
polymer) can be predicted by considering the thermodynamics of the polymerization. 
As with other ring-opening polymerizations, the reaction is driven from monomer to 
polymer by the release of strain associated with the cyclic olefin (so-called ‘ring 
strain’) balanced by entropic penalties. The most common monomers used in ROMP 
are cyclic olefins which possess a considerable degree of strain (45 kcal/mol) such as 
cyclobutene, cyclopentene, cis-cyclooctene, and norbornene. 
Generally, the most favorable conditions for a successful ROMP reaction is to use 
the highest monomer concentration at the lowest temperature possible, due to 
enthalpic contribution from the relief of ring strain [32]. 
 
Figure 2.13 :  Types of secondary metathesis reactions. 
In addition to the general ROMP mechanism illustrated in equation 2.12 (and its 
related depolymerization mechanism), the equilibria noted above can be established 
via other metathetical pathways, including intermolecular chain-transfer and 
intramolecular chain-transfer (so-called ‘backbiting’) reactions. Examples of these 
types of secondary metathesis reactions are shown in Figure 2.13. In an 
intermolecular chain-transfer reaction, one polymer chain containing an active metal 
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alkylidene on its terminus can react with any olefin along the backbone of a different 
polymer chain in the same reaction vessel. Although the total number of polymer 
chains remains the same, the molecular weights of the individual polymers will 
increase or decrease accordingly. In a backbiting reaction, the active terminus of a 
polymer chain reacts with itself to release a cyclic species and a polymer chain of 
reduced molecular weight. Collectively, these chaintransfer reactions effectively 
broaden molecular weight distribution (or polydispersity) of the system. 
Another implication of equilibrium controlled polymerizations such as ROMP is the 
propensity to form cyclic oligomers. According to the Jacobson– Stockmayer theory 
of ring–chain equilibria, the formation of cyclic oligomers will always accompany 
the formation of high molecular weight polymer.  The total amount of cyclic species 
present will depend on factors such as solvent, cis/trans ratio of the polymer 
backbone, rigidity of the monomer, reaction time, and concentration. Formation of 
cyclic species is favored at higher temperatures and lower concentrations with a 
critical value dependent on the factors noted above. While these side reactions 
challenge the realization of living polymerizations based on ROMP, they can be 
advantageous. For example, cyclic oligomers can be synthesized in high yields by 
simply conducting the ROMP reaction under relatively dilute conditions. 
A “living polymerization” was defined by Swarzc as a reaction proceeding without 
chain transfer or termination. Besides Swarzc’s original concept of the living 
polymerization, a ROMP reaction requires three more features for its living and 
controlled reaction. First, the initiation should be fast and complete. Second, there 
should be a linear relationship between polymer formation and monomer 
consumption. Third, polymers should be narrowly polydispersed with PDIs<1.5 [32]. 
 
Figure 2.14 : Prochiral monomers for ROMP. 
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ROMP polymers can display a very rich microstructure. Depending on the monomer, 
three main characteristics can be observed: cis/trans isomerism, tacticity, and head-
to-tail bias. Cis/trans isomerism is present in all ROMP polymers and relatively easy 
to quantify using spectroscopic techniques. Analysis of tacticity has only been 
successful with polymers made from prochiral monomers (Figure 2.14). Head-to-tail 
bias can be observed with non-symmetrical monomers. 
2.3.2 Well-Defined catalysts for ROMP 
The studies of two groups deserve particular attention – as recognized by the award 
of the 2005 Nobel Prize for chemistry to R.H. Grubbs  and R.R. Schrock. The award 
was shared with Y. Chauvin , who was honored for his fundamental studies on 
metathesis. The investigations of Grubbs and Schrock led to the development of 
well-defined transition metal alkylidenes that rapidly outrivaled any other initiator or 
initiation system, particularly those consisting of an often serendipitous mixture of 
transition metal salts, alcohols and tin alkyls [103]. 
2.3.2.1 Schrock-type initiators 
The synthesis of well-defined, high-oxidation state molybdenum alkylidenes was 
first reported by Schrock and coworkers in 1990 . These, and the analogous tungsten 
systems, are now commonly named ‘Schrock-catalysts’. The systems possess the 
general formula M(NAr′)(OR′)2(CHR).L, where M= Mo,W; Ar′= phenyl or a 
substituted phenyl group; R= ethyl, phenyl, trimethylsilyl, CMe2Ph or t-butyl; R′= 
CMe3, CMe2CF3, CMe(CF3)2, C(CF3)2, aryl, and so on, while L = quinuclidine, 
trialkylphosphane and tetrahydrofuran ( THF ) [101]. 
The Schrock type catalysts are very active and somewhat tolerant with functional 
groups during ring open metathesis polymerization [105]. In 1993, first chiral 
molybdenum carbene catalyst was introduced. Then, Schrock and Hoveyda 
developed more active chiral molybdenum carbene catalyst system, they are so-
called the Schrock-Hoveyda catalysts [106].  
2.3.2.2 Grubbs-type initiators 
In 1992, Grubbs described the synthesis of the first well-defined ruthenium 
alkylidene. Thus, the reaction of RuCl2(PPh3)3 and RuCl2(PPh3)4, respectively, with 
2,2-diphenylcyclopropene in benzene or methylene chloride yielded the desired 
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ruthenium carbene complex RuCl2(PPh3)2(CH=CH=CPh2). As is the case of 
Schrock-type catalysts, the alkylidene proton in RuCl2(PPh3)2(CH=CH=CPh2) 
experiences an agostic interaction with the metal, resulting in downfield NMR shifts 
for Hα and Cα to δ=17.94 and 288.9 ppm, respectively (both in C6D6). Despite a ratio 
of ki/kp <1 ( kp= rate constant of polymerization, ki= rate constant of initiation), the 
compound was found to be a quite efficient initiator for the polymerization of 
norbornene (NBE) and substituted NBEs.  
 
Figure 2.15 : Basic analogues for phosphane exchange to catalyst. 
The comparably low activity of the bis(triphenylphosphane)-derivative for other 
cyclic olefins than NBE such as bicyclo [3.2.0]hept-6-ene or trans-cyclo-octene was 
successfully enhanced by phosphane exchange with more basic analogues, for 
example tricyclohexylphosphane and tri-(2-propyl)phosphane (Figure 2.15) [103]. 
 
Figure 2.16 : Synthesis of RuCl2(PPh3)3. 
An alternative route to ruthenium alkylidenes that avoided the preparation of 2,2-
diphenylcyclopropene was elaborated by Schwab and Grubbs.The synthetic protocol 
entailed the reaction of RuCl2(PPh3)3 with an diazoalkane (2.16) [103]. 
Via this route, the resulting compounds of the general formula RuCl2(PR3)2(CHPh), 
(R=Ph, Cy3)– which today are well known as the first-generation Grubbs catalyst– 
are accessible in high yields [103]. The Ru-based catalysts have exceptional 
functional group tolerances compared to other transition metal-based catalysts, 
especially toward polar functionalities (Table 2.1). 
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Table 2.1 : Functional group tolerance of early and late transition metal-based 
ROMP catalysts. 
 
The first homogeneous well-defined Ru complex for ROMP was (PPh3)2Cl2Ru=CH-
CH=CPh2 [106]. Although this catalyst has a broad range of functional group 
tolerance and mediates living ROMP reaction with norbornene and cyclobutene 
monomers, the catalytic activities for other olefines are reduced. To increase the 
catalytic activities, the bulky and electron-rich phosphine ligands were substituted. 
The catalysts containing phosphine are tolerant to a broader range of functional 
groups, such as water and alcohols. However, ROMP reactions of norbornene with 
the catalyst containing phosphine are not controlled. Because of the different reaction 
rates between initiation and propagation, the catalyst is not able to provide the 
desired polymers. Besides, chain transfer reactions occur to yield broadly 
polydispersed polymers (PDI > 2) [38]. 
2.3.3 Norbornene: The traditional ROMP monomer 
Most common ROMP polymers are derived from norbornene-type monomers. The 
norbornene structure has recently been used extensively to introduce a variety of 
functional groups into polymers [107].   
Interesting properties are associated with the polynorbornene backbone itself: high 
glass transition temperature and good thermal stability for example. One 
disadvantage could be its tendency to easily oxidize in air, but the unsaturation can 
be removed by hydrogenation. 
Also, as compared to other commercial polymerization techniques such as free 
radical polymerizations, the current ROMP-norbornene system is very attractive. 
One major problem of radical polymerization is molecular weight control because of 
chain transfer and termination processes. Controlled/"living" free radical 
polymerization can be obtained by nitroxyl radical-mediated polymerization and 
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atom transfer radical polymerization (ATRP) [108]. But, those living 
polymerizations usually require long reaction time for completion. Molecular weight 
control can also be achieved with living ionic polymerizations but the stringent 
conditions limit their utility to non-functionalized monomers.  
2.4 Ring-Opening Polymerization (ROP) 
L Ring-opening polymerization (ROP) is a unique polymerization process, in which 
a cyclic monomer is opened to generate a linear polymer. It is fundamentally 
different from a condensation polymerization in that there is no small molecule 
byproduct during the polymerization. Polymers with a wide variety of functional 
groups can be produced by ring-opening polymerizations. Preparation of cyclic 
monomers, studies of catalysis and mechanisms are active areas of research both in 
academia and industry [109-112]. 
Nowadays, increasing attention is paid to degradable and biodegradable 
biocompatible polymers for applications in the biomedical and pharmaceutical fields, 
primarily because after use they can be eliminated from the body via natural 
pathways and also they can be a solution to problems concerning the global 
environment and the solid waste management. Aliphatic polyesters are among the 
most promising materials as biodegradable polymers.  
2.4.1 Controlled  ROP of cyclic esters 
The ring opening polymerization (ROP) of lactones and lactides to produce 
poly(ester)s provides versatile biocompatible and biodegradable polymers possessing 
good mechanical properties. These advantages have seen aliphatic poly(ester)s 
receive increasing attention over the last few years driven by their application as 
biodegradable substitutes for conventional commodity thermoplastics and 
applications in the biomedical field [113]. 
Aliphatic poly(ester)s can be either synthesized by polycondensation of hydroxyl-
carboxylic acids or by the ring-opening polymerization (ROP) of cyclic esters. The 
polycondensation technique yields low molecular weight polyesters (Mn<30.000) 
with poor control of specific end groups [114]. In contrast, high molecular weight 
aliphatic polyesters can be prepared in short periods of time by ROP. There has been 
much research directed towards the controlled ROP of commercially available cyclic 
29 
 
esters including glycolide, lactide and -caprolactone resulting in aliphatic 
poly(ester)s with high molecular weights [115]. 
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Figure 2.17 : The principle of ROP. 
In practice, the ROP of lactones and lactides requires an appropriate catalyst to 
proceed in reasonable conditions and to afford polymers with controlled properties 
(Fİgure 2.17). Since the pioneering work of Kleine et al. in the 1950s metal-based 
catalytic systems have been the focus of considerable attention for the 
polymerization of cyclic esters, and numerous studies have been carried out to 
elucidate the mechanism of such coordination polymerizations. Through variation in 
the nature of the metal center and of the surrounding ligands, a broad range of 
initiators have been prepared and evaluated [116, 117, 118, 119]. 
Besides the coordination-insertion mechanism, alternative strategies based on 
anionic, nucleophilic, or cationic promoters have also been recently (re)evaluated, 
the preliminary results reported in these fields being rather promising [120, 121].  
2.4.2 Catalysts  
A large variety of organometallic compounds, such as metal alkoxides and metal 
carboxylates, has been studied as initiators or catalysts in order to achieve effective 
polymer synthesis [117]. The covalent metal alkoxides with free p or d orbitals react 
as coordination initiators and not as anionic or cationic initiators [122]. The most 
widely used complex for the industrial preparation of polylactones and polylactides 
is undoubtedly Sn(Oct)2. It is commercially available, easy to handle, and soluble in 
common organic solvents and in melt monomers. It is highly active and allows for 
the preparation of high-molecular-weight polymers in the presence of an alcohol 
[123]. Aluminum alkoxides have also proved to be efficient catalysts for the ROP of 
cyclic esters.  
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Figure 2.18 : Catalysts for ROP. 
The common example, namely, aluminum (III) isopropoxide, Al(Oi-Pr)3, has been 
largely used for mechanistic studies (Figure 2.18). However, it has been revealed to 
be significantly less active than Sn(Oct)2 [124]. Moreover, an induction period of a 
few minutes is systematically observed with Al(Oi-Pr)3 attributed to aggregation 
phenomenon [125]. For all these reasons, Al(Oi-Pr)3 is much less used for the 
preparation of biodegradable polyesters, and especially since aluminum ions do not 
belong to the human metabolism and are suspected of supporting Alzheimer’s 
disease. 
Much interest has thus been devoted to zinc derivatives as potential nontoxic 
catalysts. Zinc powder itself is a relatively good polymerization catalyst that is used 
industrially [126]. With reaction times of several days at 140 °C in bulk, it is roughly 
as active as Al(Oi-Pr)3. Numerous zinc salts have also been investigated  [127]. 
2.4.3 Coordination-Insertion ROP  
Covalent metal carboxylates, particularly tin(II) bis(2-ethylhexanoate) usually 
referred to as tin(II) octanoate, Sn(Oct)2 belong to the most frequently used initiators 
for polymerization of cyclic esters due to its low cost, low toxicity, and high 
efficiency. Although, there are controversial reports in the literature about the nature 
of Sn(Oct)2 activity in the polymerization of lactones, two basic types of mechanism 
have been proposed. The first one is directly catalytic type where the catalyst serves 
to activate monomer through coordination with its carbonyl oxygen [128, 129]. The 
second mechanism is the monomer insertion type mechanism where the catalyst acts 
as co-initiator along with either purposely added or adventitious hydroxyl impurities, 
and polymerization proceeds though an activated stannous alkoxide bond [130, 131].  
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Figure 2.19 : The interaction of catalyst and initiator. 
Kricheldorf and co-workers have recently illustrated how the structure of the alcohol 
initiator may influence the strength of the catalyst/alcohol interaction [129, 131].  
According to these authors, this interaction, in the early stages of reaction, is 
responsible for formation of the “true” initiating species, subsequent ring opening, 
and formation of the active, propagating chain end. Prior to the beginning of 
polymerization, adventitious hydroxyfunctional impurities (e.g., water) or purposely 
added alcohol first complex and subsequently react with Sn(Oct)2 producing a 
stannous alkoxide species (a) and free 2-ethylhexanoic acid (b) as shown in (Figure 
2.19). Further reaction with a second equivalent of alcohol produces the stannous 
dialkoxide initiator (c) and releases a second equivalent of 2-ethylhexanoic acid (b) 
as depicted in (Figure 2.19) [131, 132]. Adventitious water, meanwhile, serves 
mainly as a catalyst deactivator via a reversible reaction with a or c, thereby 
decreasing the concentration of active initiator and producing a stannous alcohol 
derivative (d), such as shown in (Figure 2.19), which is more thermodynamically 
stable than the stannous dialkoxide and is less efficient as an initiator [131]. 
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Figure 2.20 : The mechanism of ROP. 
Reaction of c with monomer by means of coordination- insertion generates the first 
actively propagating chain end (e) consisting of not only the initiating alcohol 
fragment but also the active propagating center derived from the first monomer unit 
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and stannous alkoxide. The e species may either propagate or undergo rapid 
intermolecular exchange of the stannous alkoxide moiety for a proton from either 
hydroxyl groups of initiator (if remaining) or another hydroxy chain end, either e or 
polymeric in nature. This rapid exchange of protons and stannous alkoxide moieties 
results in a dynamic equilibrium between activated and deactivated chain ends as 
depicted in (Figure 2.20), where R= unreacted alcohol initiator or hydroxy chain 
ends generated in situ. This process eventually consumes the remaining unreacted 
alcohol initiator not involved in the initial formation of c. ROP based on 
coordination-insertion mechanism has been thoroughly investigated since it may 
yield well-defined polyesters through living polymerization [122, 133]. 
 
 
Figure 2.21 : Transesterification reactions in ROP. 
In such coordination-insertion polymerizations the efficiency of the molecular-
weight control depends from the ratio kpropagation/kinitiation but also from the extent of 
transesterification side reactions. These transesterification reactions can occur both 
intramolecularly (backbiting leading to macrocyclic structures and shorter chains) 
and intermolecularly (chain redistributions) (Figure 2.21) [134]. Intermolecular 
transesterification reactions modify the sequences of copolylactones and prevent the 
formation of block co-polymers. Intramolecular transesterification reactions cause 
degradation of the polymer chain and the formation of cyclic oligomers.  
The polymerization/depolymerization equilibrium should also be taken into account 
as a particular case of intramolecular transesterification reaction. All of these side 
reactions result in broader molecular-weight distributions, sometimes making the 
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molecular weights of the resulting polymers irreproducible. The extent of these 
undesirable transesterification reactions was found to strongly depend on the metallic 
initiator [124]. Side reactions occur from the very beginning of the polymerization 
with Sn(Oct)2, leading to rather broad MWD (PDI indexes around 2) but only at high 
or even complete conversion with Al(Oi-Pr)3, yielding lower PDI indexes (less than 
1.5) [124, 135].  
Parameters that influence the number of transesterifications are temperature, reaction 
time, and type and concentration of catalyst or initiator. Depending on the metal 
used, the initiator is more or less active towards transesterification reactions [135].  
The promising results obtained with Sn(Oct)2, Al(Oi-Pr)3, and Zn(Lact)2 have given 
rise to a growing interest in metal-based initiators that would display higher catalytic 
activity and better control the extent of the undesirable transesterification reactions. 
2.4.4 Poly(ε-caprolactone)   
Poly(ε-caprolactone) (PCL) is a semicrystalline polymer which represents one of 
several aliphatic polyesters that undergo degradation and absorbtion in vivo [136, 
137]. The repeating molecular structure of PCL homopolymer consists of five non-
polar   methylene groups and a single relatively polar ester group. Although not 
produced from renewable raw materials, PCL is a fully biodegradable thermoplastic 
polymer due to the presence of the hydrolytically unstable aliphatic-ester linkage. 
PCL has good water, oil, solvent and chlorine resistance.  
PCL has some unusual properties, including a low Tg (~ –60 °C) and Tm (~ 60 °C) 
and a high thermal stability. These properties are related to PCL’s chain of carbons, 
as longer chains are give rise to less mobility and lower Tm’s and Tg’s. PCL is also 
highly permeable, which results from its low Tg and subsequent rubbery state at 
room temperature. 
PCL is one of biodegradable polymers which have been used to prepare functional 
materials [138]. Copolymers containing poly(ε-caprolactone) (PCL) are especially 
interesting because they are miscible with a wide range of polymers, and they have 
features like crystallizability, lack of toxicity, ability to disperse pigments, low-
temperature adhesiveness, and printability [139]. 
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PCL has been increasingly studied  in the scientific community and applied for drug 
delivery and tissue engineering [140]. Owing to its high crystallinity and strong 
hydrophobicity of polymer backbone, PCL homopolymer usually show slow 
biodegradation  and drug-release rate [141]. 
PCL is compatiable with numerous other polymers, has the possibility of blending 
this aliphatic polyester with a number of commercial polymers such as poly(vinyl 
chloride) and bisphenol A polycarbonate.  PCL is of interest as a packaging material 
and in biomedical applications since it is degradable and its degredation products are 
non-toxic. PCL and other copolymers have been evaluated for medical uses such as 
drug delivery systems, an external casting material for broken bones, as a material 
for use in making custom dental impression trays. 
In addition to above, it is used mainly in thermoplastic polyurethanes, resins for 
surface coatings, adhesives and synthetic leather and fabrics. It also serves to make 
stiffeners for shoes and orthopedic splints, and fully biodegradable compostable 
bags, sutures, and fibres. Because the homopolymer has a degradation time on the 
order of 2 years, copolymers have been synthesized to accelerate the rate of 
bioabsorption. In Sweden there has been an attempt to produce PCL bags, but they 
degraded before reaching the customers.  
2.5 Click Chemistry 
Following nature’s lead, we endeavor to generate substances by joining small units 
together with heteroatom links (C-X-C). The goal is to develop an expanding set of 
powerful, selective, and modular ‘‘blocks’’ that work reliably in both small- and 
large-scale applications. We have termed the foundation of this approach ‘‘click 
chemistry’’, and have defined a set of stringent criteria that a process must meet to be 
useful. 
The reaction must be modular, wide in scope, give very high yields, generate only 
inoffensive byproducts that can be removed by nonchromatographic methods, and be 
stereospecific (but not necessarily enantioselective). 
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Figure 2.22 : A selection of reactions which match the Click Chemistry criteria. 
The required process characteristics include simple reaction conditions (ideally, the 
process should be insensitive to oxygen and water), readily available starting 
materials and reagents, the use of no solvent or a solvent that is benign (such as 
water) or easily removed, and simple product isolation. Purification if required must 
be by nonchromatographic methods, such as crystallization or distillation, and the 
product must be stable under physiological conditions[142]. 
2.5.1 Diels-Alder Reactions 
Diels-Alder reactions is well known [4+2] cycloaddition which was named Otto 
Diels and Kurt Aldel. They received Nobel Prize with this useful discovering in 
1950.  
 
Figure 2.23 : The mechanism of Diels-Alder reaction. 
DA reaction is between diene (4π) and dienophile (2π) by intramolecular or 
intermolecular reaction. In this reaction, two new single bonds and one new double 
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bond are occurred by three double bonds in two starting materials to afford 
cyclohexenen and related compounds (Figure 2.23) [143]. 
The diene is substituted with electron donating functional groups (like -OR, -NR2, 
etc) and the dienophile is substituted with electron-withdrawing functional groups 
(like  -CN, -CO, -COOR, -NO2, etc) in the typical Diels-Alder reaction. Many 
different versions of the DA reaction were elaborated, including intramolecular [4+2] 
cycloadditions, hetero-Diels-Alder (HDA) reactions, pressure-accelerated DA 
reactions, and Lewis acid accelerated DA reactions [144]. 
2.5.2 Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)  
Of all the reactions which achieved ‘click status’, the Huisgen’n 1,3-dipolar 
cycloaddition of alkynes and azides to yield 1,2,3-triazoles is undoubtedly, the 
premier example of a “click” reaction [142]. Recently, 1,3-dipolar cycloadditions, 
such as reactions between azides and alkynes or nitriles, have been applied to 
macromolecular chemistry, offering molecules ranging from the block copolymers to 
the complexed macromolecular structures. 
The ease of synthesis of the alkyne and azide functionalities, coupled with their 
kinetic stability and tolerance to a wide variety of functional groups and reaction 
conditions, make these complementary coupling partners particularly attractive. 
However, it was the recent discovery of the dramatic rate acceleration of the azide–
alkyne coupling event under copper(I) catalysis and the beneficial effects of water 
that have placed this reaction at the ‘center stage’ of CC. This new reaction process 
requires no protecting groups, and proceeds with almost complete conversion and 
selectivity for the 1,4-disubstituted 1,2,3-triazole (anti-1,2,3- triazole). No 
purification is generally required. This ‘near perfect’ reaction has become 
synonymous with CC, and is often referred to as ‘The Click Reaction’. This powerful 
bond forming process has proven extremely versatile, and has driven the concept of 
CC from an ideal to a reality [142]. 
The Cu(I) catalysed Huisgen ‘click reaction’ results in exclusive formation of the 
1,4-triazole, whilst the thermally induced Huisgen cycloaddition usually results in an 
approximately 1:1 mixture of 1,4- and 1,5-triazole stereoisomers. 
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Figure 2.24: General mechanism of Huisgen cycloaddition reaction. 
Copper(I)-catalyzed reaction sequence which regiospecifically unites azides and 
terminal acetylenes to give only 1,4-disubstituted 1,2,3 triazoles (Figure 2.24). 
Because of Cu(I)-catalyzed variant of the Huisgen 1,3-dipolar cycloaddition of 
azides and alkynes reactions quantitative yields, mild reaction condition, and 
tolerance of a wide range of functional groups, it is very suitable for the synthesis of 
polymers with various topologies and for polymer modification [145]. Because of 
these properties of Huisgen 1,3-dipolar cycloaddition, reaction is very practical. 
Moreover, the formed 1,2,3-triazole is chemically very stable [146]. Triazole 
forming reactions have received much attention and new conditions were developed 
for the 1,3-dipolar cycloaddition reaction between alkynes and azides [147]. 1,2,3-
triazole formation is a highly efficient reaction without any significant side products 
and is currently referred to as a “click” reaction [148]. 
In fact, the discovery of Cu(I) efficiently and regiospecifically unites terminal 
alkynes and azides, providing 1,4-disubstituted 1,2,3-triazoles under mild conditions, 
was of great importance. On the other hand, Fokin and Sharpless proved that only 
1,5-disubstituted 1,2,3-triazole was obtained from terminal alkynes when the catalyst 
switched from Cu(I) to ruthenium(II) [146]. 
2.5.3 Atom transfer nitroxide radical coupling reaction (ATNRC) 
A new reversible coupling strategy termed atom transfernitroxide radical coupling 
(ATNRC) [149-154] has the attributes of a “click” reaction. In which the bromine 
end-functional group of one polymer served as oxidant is reduced to bromine anion 
and carbon radical is formed. The Cu
1+
 is oxidized to Cu
2+
 in the presence of CuBr/ 
ligand. Then polymeric radical is immediately captured by another 2,2,6,6-
38 
 
tetramethyl-piperidinyl-1-oxy (TEMPO) end-functional polymer, and alkoxyamine is 
formed between the two polymers (Figure 2.25). In ATNRC reaction, CuBr 
participated in the reaction was served as reactant and its action was quite different 
from the ATRP. If some Cu(0) was added, the Cu(0) would react with the formed 
Cu
2+ 
 and the Cu
+
 was regenerated, which promoted the reaction completely. Thus, 
under the ATNRC conditions (such as the Cu(0)/CuBr/PMDETA system), the graft, 
[150] the star-shaped, [152] and the linear copolymer [149] were prepared 
successfully with high efficiency. 
 
Figure 2.25 : General mechanism of ATNRC. 
This reaction involves formation of a carboncentered radical by an atom transfer 
reaction with Cu(I)Br and trapping of this radical with a persistent nitroxide radical 
at close to diffusion-controlled rates. The unique aspect of this reaction is its 
reversibility, in which the product alkoxyamine can readily be converted to the 
starting incipient radical and parent nitroxide at elevated temperatures (>100 
0
C 
when TEMPO-type nitroxides are used) [155-158]. This methodology has been used 
to synthesize degradable and reversibly coupled linear multiblock copolymers, block 
and graft copolymers in the presence of a 10-fold molar excess of copper species per 
halide end group [159]. The rate determining step in the coupling reaction is the 
speed (kact) at which the halide end groups on the polymer chains convert (or are 
activated) to the carbon-centered radical via atom transfer reactions with Cu(I) 
species. 
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2.5.4  Thiol-ene reactions 
More recently, thiol–ene chemistry has been introduced as a new click reaction and 
successfully used for bioconjugated polymers,  modiﬁcation of polymers and 
surfaces, synthesis of star polymers, dendrimers, and disaccharides. Thiol–ene 
reactions can be induced photochemically or thermally at ambient temperature in the 
presence of oxygen without undesirable side reactions such as sulfenyl radical 
coupling. Importantly, these reactions can be considered as environmentally friendly 
processes since they precede in the absence of solvent under benign reaction 
conditions without the use of any potentially toxic metal [160]. 
 
Figure 2.26 : General thiol reactions. 
During the last century, two thiol reactions of particular note emerged (generalized in  
Figure 2.26): thiol–ene free-radical addition to electron-rich/ electron-poor carbon 
carbon double bonds, and the catalyzed thiol Michael addition to electron-deficient 
carbon–carbon double bonds. In both idealized reactions, a single thiol reacts with a 
single ene to yield the product. 
The reaction of thiols with enes, whether proceeding by a radical (termed thiol–ene 
reaction) or anionic chain (termed thiol Michael addition), carry many of the 
attributes of click reactions. These attributes include achieving quantitative yields, 
requiring only small concentrations of relatively benign catalysts, having rapid 
reaction rates with reactions occurring either in bulk or in environmentally benign 
solvents over a large concentration range, requiring essentially no clean up, being 
insensitive to ambient oxygen or water, yielding a single regioselective product, and 
the ready availability of an enormous range of both thiols and enes. This exceptional 
versatility and its propensity for proceeding to quantitative conversions under even 
the mildest of conditions makes thiol–ene chemistry amenable to applications 
ranging from high performance protective polymer networks to processes that are 
important in the optical, biomedical, sensing, and bioorganic modification fields.  
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Figure 2.27 : General mechanism of thio-ene click reaction. 
Generally, the thiol-ene reaction follows a radical-mediated process, with initiation, 
propagation and termination steps. Initiation involves the treatment of a thiol with an 
initiator, under irradiation or heat, subsequently generating a thiyl radical, RS˙, via 
hydrogen abstraction, plus other byproducts (Figure 2.27). Propagation then occurs 
in two step which involves first the direct addition of the thiyl radical to the C=C 
bond producing an intermediate thioether carbon radical followed by chain transfer 
to a second molecule of thiol to give the thiol-ene addition product with the 
concomitant generation of a new thiyl radical. Termination is believed to ocur 
through the radical-radical recombination of the thioether carbon and/or thiyl 
radicals. 
The reaction has many of the attributes of the “click” reaction, for example, 
quantitative yields, rapid reaction rates, mild reaction conditions, and tolerant of 
various solvents and functional groups. 
 
Figure 2.28 : Multifunctional enes to gain variety of thio-ene products. 
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In thiol-ene polymerization, using multifunctional enes provide to gain variety of 
products (2.28). 
 
Figure 2.29 :  a) Common alkyl thiols. (b) Typical multifunctional thiols used in 
thiol–ene polymerization processes. 
The chemistry of thiols, whether radical- or catalystmediated, is certainly influenced 
by the basic structure of the thiol. Four prominent thiol types typically encountered 
in literature reports include alkyl thiols, thiophenols, thiol propionates, and thiol 
glycolates (Figure 2.29a ). Both types of thiol click reaction are extremely efficient; 
radical addition has been known to proceed by an efficient step-growth chain process 
for several decades[145]. 
2.6 Thermal-Initiating System 
In thermal-initiating system, some monomers can occur polymers via thermal energy 
rarely which are 2-vinylthiophene, 2-vinylfuran and some styrene derivative. But 
polymerization can be carried out by a thermal initiator, generally. 
 
Figure 2.30 : General mechanism of constitution of initiator radical via thermally. 
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The initiator is heated until a bond is homolytically cleaved, producing two radicals 
which was shown in (Figure 2.30). This method is used most often with 
organic peroxides or azo compounds. 
2.7 Photoinitiating System  
The study of chemical reactions which occurred via the absorption of light by atoms 
or molecules is called ‘photochemistry’. Chemical reactions occur only when a 
molecule is provided the necessary activation energy. By the absorption of a photon 
of light, compound has electronic excitation. The energy causing excitation, E, is 
described by E=hc/λ where h is Planck’s constant, c is the speed of light, and ‚ is the 
wavelength of the exciting light. Light absorption is described by A= єCl, where є is 
the molar absorptivity (extinction coefficient), C is the concentration of the species, 
and l is the light path length. 
Chemical reactions are carried out by optical radiation. The radiation is most often 
ultraviolet (200–400 nm) or visible (400–800 nm) light but is sometimes infrared 
(800–2500 nm) light. The chemical moiety, like phenyl rings or carbonyl groups, 
responsible for the absorption of light and defined to as chromophoric groups. 
Typical chromophores contain unsaturated functional groups such as C=C, C=O, 
NO2, or N=N [161-163]. 
The photoinitiator is a compound which produces free radical via absorption of light. 
In this way, polymerization can be begun by suitable monomers. 
 
Figure 2.31 : Constitution of free radicals via unimolecular reaction. 
Photoinitiators are generally divided into two classes according to the process by 
which initiating radicals are formed. Compounds which undergo unimolecular bond 
cleavage upon irradiation as shown in (Figure 2.31) are termed as Type I 
photoinitiators [164]. 
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Figure 2.32 : Constitution of free radicals via bimolecular reaction. 
If the excited state photoinitiator interacts with a second molecule (a coinitiator) to 
generate radicals in a bimolecular reaction as shown in (Figure 2.32), the initiating 
system is termed as “Type II Photoinitiator” [164]. 
Type I photoinitiators are highly reactive UV photoinitiators, but are less frequently 
used in visible light curing systems. Type II photoinitiators are versatile initiators for 
UV curing systems and visible light photoinitiators belong almost exclusively to this 
class of photoinitiators. 
2.7.1 Type I photoinitiators (Unimolecular photoinitiator systems) 
Photoinitiators termed unimolecular are so designated because the initiation system 
involves only one molecular species interacting with the light and producing 
freeradical active centers. These substances undergo a homolytic bond cleavage upon 
absorption of light (Figure 2.31). 
 
Figure 2.33 : Cleavage of IRGACURE-2959. 
Type I photoinitiators, such as IRGACURE-2959 is excited by absorption of 
ultraviolet light and rapid intersystem crossing to the triplet state (Figure 2.33). In the 
triplet state, the bond to the carbonyl group is cleaved, producing an active benzoyl 
radical fragment and another fragment. The benzoyl radical is the major initiating 
species, while, in some cases, the other fragment may also contribute to the initiation.  
The most efficient Type I initiators are benzoin ether derivatives, benzil ketals, 
hydroxylalkylphenones, α-aminoketones and acylphosphine oxides. 
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2.7.2 Type II photoinitiators (Bimolecular photoinitiator systems) 
Bimolecular photoinitiators are so-called because two molecular species are needed  
to form the propagating radical: a photoinitiator that absorbs the light and a 
coinitiator that serves as a hydrogen or electron donor. These photoinitiators do not  
undergo  Type I reactions because their excitation energy is not high enough for 
fragmentation, i.e., their excitation energy is lower than the bond dissociation energy. 
The excited molecule can react with co-initiator to produce initiating radicals (Figure 
2.31). In this case, radical generation follows 2nd order kinetics. 
In these systems, photons are absorbed in the near UV and visible wavelengths. Free 
radical active centers are generated by hydrogen abstraction or photo-induced 
electron transfer process aforementioned.  
2.8 Polymer Topology 
The need to synthesize polymers with new and/or improved properties properties has 
driven the effort to design polymers with novel macromolecular architectures. The 
properties of polymers depend strongly on their topologies, and finding facile and 
feasible synthetic methods for polymers with different topological structures remains 
a goal for polymer chemists. 
 
Figure 2.34 : Schematic represantation of selected (co)polymer architectures. 
Polymer topology can be generally defined as the fabrication of complex 
macromolecular structures with defined composition, functionality, and architecture 
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(e.g. telechelic polymers, block copolymers, macromolecular brushes, stars, and 
networks) as depicted in (Figure 2.34).  
C/LRP techniques are well suited for preparation of polymers with precisely 
controlled architectures, including graft and star polymers as well as branched, 
dendritic, network, and cyclic type structures. In addition to versatile polymerization 
chemistry, the synthesis of such complex macromolecules often requires the use of 
efficient and specific postpolymerization modification techniques to incorporate 
functionality potentially incompatible with the polymerization conditions and to 
build novel structures by coupling preformed polymers. In this respect, “click” 
reactions are especially well conformed for such advanced macromolecular design. 
Indeed, “click” strategies have served as a complementary tools for most of the 
major synthetic polymerization techniques, such as ring opening polymerization 
(ROP), ring opening metathesis polymerization (ROMP), polycondensation, 
conventional free-radical polymerization, and C/LRPs.  
2.8.1 Graft copolymers 
Graft polymers refer to the special type of branched polymers in which branched 
chains are structurally distinct from the main chain. The main chain is commonly 
called as the backbone and the branches as the side chains which are distributed 
along the backbones either randomly or uniformly.  
When graft polymers characterized by a high density of grafted chains they were 
named ‘‘macromolecular brushes’’. In terms of chemical composition, 
macromolecular brushes can be categorized into homopolymer brushes and 
copolymer brushes. The latter typically consist of two or more types of polymer side 
chains. When only two types of polymer grafts are involved, they can be arranged in 
a random, alternating, block, and “centipede” manner.Graft copolymers have been 
the subject of continuously increasing interest due to their unique specific properties 
(morphology, phase behaviour, etc.). In general, graft copolymers can be prepared 
following three main strategies: (a) the “grafting onto”, (b) the “grafting from”, and 
(c) the “grafting through” strategies which differentiate from each other based on the 
formation principle. 
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Figure 2.35 :
 
Strategies for the synthesis of graft copolymer: (a) ‘‘grafting onto’’,         
(b)‘‘grafting from’’, and (c) ‘‘grafting through’’. 
The different pathways are schematically depicted in Figure 2.35  and will be 
discussed in the context of the ensuing sections. The ‘‘grafting onto’’ strategy 
involves the attachment of preformed polymer chains via chemical reaction with 
reactive side chains of a polymer backbone. Secondly, the ‘‘grafting from’’ strategy, 
consists in a polymerization of the grafts from a polymer backbone bearing initiating 
sites. The last approach is the ‘‘grafting through’’ strategy which relies on 
polymerization of appropriate macromonomers. 
Each of these strategies controls different structural parameters, including chemical 
composition, grafting density, degree of polymerization (DP) of side chains, and DP 
of the backbone. Even though each strategy demonstrates distinct advantages with 
respect to the molecular design, there are also limitations from a synthetic 
perspective. There are several strategies that have been employed to synthesize graft 
polymers thus, increasing interest in their various possible applications. Graft 
copolymers can be synthesized using any of the various polymerization techniques 
available including: anionic polymerization, ROMP, conventional radical 
polymerization, C/LRPs, and various coupling reactions (‘‘click chemistry’’). 
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2.8.1.1 “Grafting onto” method 
One of the methods widely used for the synthesis of graft copolymers is the 
‘‘grafting onto’’ method, i.e. reaction of preformed polymeric chains bearing 
functional groups with other polymeric chains bearing active chain ends as seen in 
Figure 2.35 (a). In most cases, the incorporation of functional groups is performed by 
chemical modification of the backbone. Characterization of the backbone and the 
preformed side chains can be performed separately from the graft copolymer, thus 
allowing for the detailed characterization of the final structure. 
2.8.1.2 “Grafting from” method  
In the ‘‘grafting from’’ method, the backbone is chemically modified in order to 
introduce active sites capable of initiating the polymerization of a second monomer 
as seen in Figure 2.35 (b). The number of grafted chains can be controlled by the 
number of active sites generated along the backbone assuming that each one 
participates in the formation of one branch [178].  
2.8.1.3 “Grafting through” method  
In the grafting through method, preformed macromonomers are copolymerized with 
another monomer in order to produce the graft copolymer as seen in Figure 2.36 (c). 
Macromonomers are oligomeric or polymeric chains that have a polymerizable end 
group. In this case, the macromonomer comprises the branch of the copolymer and 
the backbone is formed in situ. The number of branches per backbone can be 
generally controlled by the ratio of the molar concentrations of the macromonomer 
and the comonomer [179]. 
 
 
 
 
 
 
 
48 
 
 
 
 
49 
 
 
3. EXPERIMENTAL WORK 
3.1 Materials and Chemicals     
Methyl methacrylate (MMA, 99%, Aldrich) were passed through basic alumina 
column to remove inhibitor and then distilled over CaH2 in vacuum prior to use. -
Caprolactone (ε-Cl, 99%, Aldrich) was distilled from CaH2 under vacuum. 
Poly(ethylene glycol monomethyl ether) (PEG-OH) (Mn = 550 g/mol, Acros) was 
dried over anhydrous toluene by azeotropic distillation. N,N,N’,N’’,N’’-
pentamethyldiethylenetriamine  (PMDETA, 99%, Aldrich) was distilled over NaOH 
before use. 4-Hydroxy-TEMPO (97%, Aldrich), N,N’-dicyclohexylcarbodiimide 
(DCC, 99%, Aldrich), propargyl alcohol (99%; Aldrich), 4,4′-azobis(4-cyanovaleric 
acid) (ABCVA) (≥98 %, Aldrich), N-acetyl-L-cysteine methyl ester (≥90%, Aldrich), 
1-propanethiol (99 %, Aldrich), 9-anthracene methanol (97%, Aldrich), CuCl 
(99.9%, Aldrich) and CuBr (99.9%, Aldrich) were used as received. p-Toluene 
sulfonyl chloride (99 %, Aldrich), sodium azide (99 %, Acros) and 2-
bromopropanoyl bromide (98 %, Aldrich) were used as received. CH2Cl2 (99.9%, 
Aldrich) was used after distillation over P2O5. Tetrahydrofuran (THF, 99.8%, J.T. 
Baker) was dried and distilled over benzophenone-metallic sodium, N,N-
Dimethylformamide (DMF, 99.8 %, Aldrich) was dried and distilled under vacuum 
over CaH2. Solvents unless specified here were purified by conventional procedures. 
All other reagents were purchased from Aldrich and used as received without further 
purification. 
3.2 Instrumentation 
The 
1
H NMR (500 MHz) spectra were recorded on Agilent VNMRS 500 MHz NMR 
Spectrometer in CDCl3. The conventional gel permeation chromatography (GPC) 
measurements were carried out with an Agilent instrument (Model 1100) with a 
pump, refractive index (RI) and ultraviolet detectors, and four Waters Styragel 
columns (guard, HR 5E, HR 4E, HR 3, and HR 2), (4.6 mm internal diameter,  300  
50 
 
mm  length,  packed  with  5 µm  particles).  The effective molecular weight ranges 
are 2000-4,000,000, 50-100,000, 500-30,000, and 500-20,000, respectively. THF and 
toluene were used as eluent at a flow rate of 0.3 mL/min at 30 
o
C and as an internal 
standard, respectively. The number-average molecular weights (Mn,GPC and  Mw,GPC)  
and  the  polydispersities (Mw/Mn) were determined with a calibration based on linear 
PS standards using the PL Caliber Software from Polymer  Laboratories (PL). UV 
spectra were recorded on a Shimadzu UV-1601 spectrophotometer in CH2Cl2. FT-IR 
spectra were recorded on a Perkin Elmer FT-IR Spectrum One B spectrometer. 
3.3 Synthetic Procedurs 
4,10-Dioxatricyclo[5.2.1.0
2,6
]dec-8-ene-3,5-dione [169], 4-(2-Hydroxyethyl)-10-oxa-
4-azatricyclo[5.2.1.0
2,6
]dec-8-ene-3,5-dione (1) [169], succinic acid mono-anthracen-
9-ylmethyl-ester (2) [170], anthracen-9-ylmethyl (2-(1,3-dioxo-3a,4,7,7a-tetrahydro-
1H-4,7-epoxyisoindol-2(3H)-yl)ethyl) succinate (ONB-Anth) (3) [171], 2-bromo-
propionic acid 2-(3,5-dioxo-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-en-4-yl)-ethyl 
ester (ONB-bromide)  (4) [172], furan protected maleimide end-functionalized 
PMMA (MI-PMMA) (7) [174], carboxylic acid end-functionalized PEG (PEG-
COOH) [175], TEMPO-terminated PEG (PEG-TEMPO) (8) [176], alkyne end-
functionalized PCL (PCL-Alkyne) (9) [174] and random poly(ONB-Anthracene)-b-
poly(ONB-Bromide)-b-poly(ONB-OTosyl) copolymer (10) [173] were prepared 
according to published procedures.
 
3.3.1 Synthesis of 4,10-Dioxatricyclo[5.2.1.0
2,6
]dec-8-ene-3,5-dione
 
Maleic anhydride (30 g, 0.30 mol) was suspended in 150 mL of toluene and the 
mixture warmed to 80 °C. Furan (33.4 mL, 0.45 mol) was added via syringe and the 
turbid solution stirred for 6 h. The mixture was then cooled to ambient temperature 
white solids formed during standing were collected by filtration and washed with 2 × 
30 mL of petroleum ether and once with diethyl ether (50 mL) yielding product as 
white needless. (Yield= 44.4 g, 87%). 
1
H NMR (CDCl3, δ) 6.58 (s, 2H, CH=CH, 
bridge protons), 5.46 (s, 2H, -CHO, bridge-head protons), 3.19 (s, 2H, CH-CH, 
bridge protons) [169]. 
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3.3.2 Synthesis of 4-(2-Hydroxyethyl)-10-oxa-4-azatricyclo[5.2.1.0
2,6
]dec-8-ene-    
3,5-dione (1) 
The 4,10-Dioxatricyclo[5.2.1.0
2,6
]dec-8-ene-3,5-dione (adduct) (10 g, 60 mmol ) was 
suspended in methanol ( 150 mL ) and the mixture was cooled to 0 °C. A solution of 
ethanolamine (3.6 mL, 60 mmol) in 30 mL of methanol was added dropwise (10 
min) to the reaction mixture, and the resulting solution was stirred for 5 min at 0 °C, 
then 30 min at ambient temperature, and finally refluxed for 8 h. After cooling the 
mixture to ambient temperature, solvent was removed under reduced pressure, and 
residue was dissolved in 150 mL of CH2Cl2 and washed with 3 × 100 mL of water. 
The organic layer was separated, dried over Na2SO4 and filtered. Removal of the 
solvent under reduced pressure gave white-off solid which was further purified by 
flash chromatography eluting with ethylacetate (EtOAc) to give the product as a 
white solid. (Yield= 4.9 g, 40%). 
1
H NMR (CDCl3, δ) 6.53 (s, 2H, CH=CH, bridge 
protons), 5.29 (s, 2H, -CHO, bridge-head protons), 3.77-3.71 (m, 4H, NCH2CH2OH), 
2.90 (s, 2H, CH-CH, bridge protons) [169]. 
3.3.3 Synthesis of succinic acid mono-anthracen-9-ylmethyl-ester (2) 
9-Anthryl methanol (4.16 g, 20 mmol) was dissolved in 150 mL of CH2Cl2. To the 
reaction mixture were added Et3N (14 ml, 100 mmol) and DMAP (2.44 g, 20 mmol), 
and succinic anhydride (8 g, 80 mmol) in that order. The mixture was stirred for 
overnight at room temperature.  The reaction solution was poured into ice-cold water 
(150 ml) and stirred (30 min) at room temperature. The organic phase was extracted 
with 1M HCl (150 ml). The aqueous phase extracted with CH2Cl2. Combined 
organic phase were dried over Na2SO4 and concentrated to give 2  as a green solid. 
(Yield= 5.85 g, 95%) 
1
H NMR (CDCl3, δ) 8.52 (s, 1H, ArH of anthracene), 8.32 (d, J 
= 8.8 Hz, 2H, ArH of anthracene), 8.03 (d, J = 8.3 Hz, 2H, ArH of anthracene), 7.60-
7.45 (m, 4H, ArH of anthracene), 6.21 (s, 2H, CH2-anthracene), 2.70-2.68 (s, 4H, 
C=OCH2CH2C=OOH) [170]. 
3.3.4 Synthesis of oxanorbornenyl anthracene (ONB-Anthracene) (3)  
Compounds 1 (1.63 g, 7.80 mmol, 1.2 equiv), 2 (2.00 g, 6.50 mmol, 1 equiv), and 
DMAP (0.400 g, 3.25 mmol, 0.5 equiv) were dissolved in 50 mL of dry CH2Cl2. 
After stirring 5 min at room temperature, DCC (1.6 g, 7.8 mmol, 1.2 equiv) dissolved 
in 25 mL of CH2Cl2 was added to the reaction mixture. The reaction mixture was 
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stirred overnight at room temperature. After filtration, the solvent was removed and 
the remaining product was extracted with CH2Cl2/water. The aqueous phase was 
again extracted with CH2Cl2 and the combined organic phases were dried with 
Na2SO4, and concentrated to dryness. The crude product was purified by column 
chromatography over silica gel eluting with CH2Cl2 to give 3 as a yellow solid (Yield 
= 2.6 g; 80%). 
1
H NMR (CDCl3, δ): 8.5 (s, 1H, ArH of anthracene), 8.3 (d, 2H, ArH 
of anthracene), 8.0 (d, 2H, ArH of anthracene), 7.5 (m, 4H, ArH of anthracene), 6.5 
(s, 2H, vinyl protons), 6.2 (s, 2H, CH2-anthracene), 5.3 (s, 2H, CHCH=CHCH, 
bridge-head protons), 4.2 (t, 2H,  NCH2CH2OC=O), 3.7 (t, 2H, NCH2CH2OC=O), 
2.8 (s, 2H, CH-CH, bridge protons), 2.6 (s, 4H, C=OCH2CH2C=O) [171]. 
3.3.5 Synthesis of oxanorbornenyl bromide (ONB-Br) (2-bromo-propionic acid 
2-(3,5-dioxo-10-oxa-4-azatricyclo[5.2.1.0
2,6
]dec-8-en-4-yl)-ethyl ester) (4) 
In a 250 mL of round bottom flask were added 1 (3.0 g, 14.0 mmol) , DMAP (0.88 g, 
7 mmol) and Et3N (4.99 mL, 36.0 mmol) in 100 mL of CH2Cl2. The mixture was 
cooled to 0 °C, and a solution of 2-bromopropionyl bromide (3.0 ml, 28.7 mmol) in 
25 mL of CH2Cl2 was added dropwise (30 min) to the reaction mixture. The white 
suspension was stirred for 3 h at 0 °C and subsequently at ambient temperature for 
overnight. The ammonium salt was filtered off and the solvent was removed under 
reduced pressure to give a pale-yellow residue that was further purified by column 
chromatography over silica gel eluting with EtOAc /hexane (1:1) to give 4 as a white 
solid. (Yield= 4.04 g, 84%). 
1
H NMR (CDCl3, δ) 6.52 (s, 2H, CH=CH, bridge 
protons), 5.28 (s, 2H, -CHO, bridge-head protons), 4.34 (m, 3H, NCH2CH2OC=O, 
C=OCH(CH3)Br), 3.80 (t, 2H, NCH2CH2OC=O), 2.88 (s, 2H, CH-CH, bridge 
protons), 1.81 (s, 3H, CH(CH3)Br) [172]. 
3.3.6 Synthesis of oxanorbornenyl tosyl (ONB-OTs) (5) 
In a 250 mL of round bottom flask were added 1 (3.0 g, 14 mmol) , DMAP (0.87 g, 7 
mmol) and Et3N (3.99 mL, 28 mmol) in 150 mL of CH2Cl2. The mixture was cooled 
to 0 °C, and a solution of p-toluene-sulfonyl chloride (5.47 g, 28 mmol) in 50 mL of 
CH2Cl2 was added dropwise (30 min) to the reaction mixture. The white suspension 
was stirred for 15 min at 0 °C and subsequently at ambient temperature for 
overnight. The ammonium salt was filtered off and the solvent was removed under 
reduced pressure to give a pale yellow residue. The remaining residue was extracted 
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with CH2Cl2 and 1 M HCl solution then with distilled water. The aqueous layers 
were again extracted with CH2Cl2, and combined organic layers were dried over 
Na2SO4. The organic phase was evaporated under reduced pressure and the 
remaining product was crystallized from ethanol in order to give 5 as white crystals. 
It was isolated by filtration and dried at 40 
o
C in a vacuum oven for 24 h. Yield: 4.5 g 
(89%). Mp: 138–139 oC (DSC). 1H NMR (500 MHz, CDCl3, δ): 7.8 (d, 2H, ArH), 
7.3 (d, 2H, ArH), 6.5 (s, 2H, CHCH=CHCH, vinyl protons), 5.2 (s, 2H, 
CHCH=CHCH, bridge-head protons), 4.2 (t, 2H, NCH2CH2SO2), 3.7 (t, 2H, 
NCH2CH2SO2), 2.8 (s, 2H, CH-CH, bridge protons), 2.4 (s, 3H, Ar-CH3). 
3.3.7 Synthesis of 2-bromo-2-methyl propionic acid 2-(3,5-dioxo-10-oxa-4- 
azatricyclo [5.2.1.0
2,6
] dec-8-en-4-yl) ethyl ester (6)  
In a 250 mL of round bottom flask were added 1 (3.0 g, 14 mmol), DMAP (0.88 g, 7 
mmol) and Et3N (4.99 mL, 36.0 mmol) in 100 mL of THF. The mixture was cooled 
to 0 °C, and a solution of 2-bromo isobutyryl bromide (2.66 ml, 21.5 mmol) in 25 
mL of THF was added dropwise (30 min) to the reaction mixture. The white 
suspension was stirred for 3 h at 0 °C and subsequently at ambient temperature for 
overnight. The ammonium salt was filtered off and the solvent was removed under 
reduced pressure to give a pale-yellow residue that was further purified by column 
chromatography over silica gel eluting with EtOAc /hexane (1:4) to give 6 as a white 
solid. (Yield= 4.01 g, 80%). 
1
H NMR (CDCl3, δ) 6.49 (s, 2H, CH=CH, bridge 
protons), 5.24 (s, 2H, -CHO, bridge-head protons), 4.31 (t, J = 5.2 Hz, 2H, 
NCH2CH2OC=O), 3.79 (t, J =5.2 Hz, 2H, NCH2CH2OC=O), 2.85 (s, 2H, CH-CH, 
bridge protons), 1.87 (s, 6H, C(CH3)2-Br). 
3.3.8 Synthesis of furan protected maleimide end-functionalized PMMA 
(PMMA-MI) (7) 
The PMMA-MI  was prepared by ATRP of MMA. In a 50 mL of Schlenk tube, 
MMA (5 mL, 46.7 mmol), toluene (5 mL), PMDETA (0.196 mL, 0.940 mmol), CuCl 
(0.093 g, 0.940 mmol), and 6 (0.336 g, 0.940 mmol) were added and the reaction 
mixture was degassed by three freeze-pump-thaw (FPT) cycles and left in argon. The 
tube was then placed in an oil bath thermostated at 40 
o
C for predetermined times. 
Tributyltinhydride (2.73 g, 9.40 mmol) was added to the reaction mixture and stirred 
further 30 min. The polymerization mixture was diluted with THF, passed through a 
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basic alumina column to remove the catalyst, and precipitated in hexane. The 
polymer was dried for 24 h in a vacuum oven at 30 ºC. ([M]0/[I]0 = 50; 
[I]0:[CuCl]0:[PMDETA]0=1:1:1; Yield = 2.7 g, 29 %; Mn,theo= 1810 g/mol, Mn,NMR = 
2340 g/mol, Mn,GPC = 3200 g/mol, Mw/Mn = 1.25, relative to PMMA standards). 
1
H 
NMR (500 MHz, CDCl3, ) 6.5 (s, 2H, vinyl protons), 5.3 (s, 2H, CHCH=CHCH, 
bridge-head protons), 4.2 (m, 2H, NCH2CH2OC=O), 3.75-3.6 (m, OCH3 of PMMA 
and NCH2CH2OC=O), 2.9 (s, 2H, CH2NC=OCH-CH, bridge protons), 1.9-0.8 (m, 
aliphatic protons of PMMA)[174].
 
3.3.9 Synthesis of mono carboxylic acid end-functionalized PEG (PEG-COOH) 
PEG-OH (5 g, 8 mmol, Mn= 550) was dissolved in 150 mL of CH2Cl2. Succinic 
anhydride (3.13 g, 32.0 mmol), triethylamine (Et3N) (5.6 mL, 40 mmol) and DMAP 
(1.46 g, 12.0 mmol) were added to the reaction mixture. After stirring overnight at 
room temperature, solution was poured into ice-cold water (150 mL) and extracted 
with CH2Cl2. The organic layer was washed with 1 M HCl (150 mL) and then with 
distilled water. Finally, organic phase was dried with anhydrous Na2SO4 and the 
solvent was removed in vacuum to give mono carboxylic acid end-functionalized 
PEG (PEG-COOH) as colorless oil (Yield = 5 g, 85 %; Mn,theo = 650 g/mol; Mn,NMR = 
640 g/mol; Mn,GPC = 450 g/mol; Mw/Mn = 1.1, relative to PS standards).
 1
H NMR 
(500 MHz, CDCl3, δ,) 4.2 (m, 2H, C=OOCH2), 3.65-3.5 (m, 2H, C=OOCH2CH2, m, -
OCH2CH2O-, PEG backbone), 3.3 (s, 3H, OCH3), 2.6 (bs, 4H, 
C=OCH2CH2C=O)[175].  
3.3.10 Synthesis of TEMPO-terminated PEG (PEG-TEMPO) (8) 
PEG-COOH (1.00 g, 1.53 mmol, Mn,theo = 650 g/mol) was dissolved in 20 mL of dry 
CH2Cl2. 4-Hydroxy-TEMPO (0.79 g, 4.6 mmol) and DMAP (0.186 g, 1.53 mmol) 
were added to the reaction mixture in that order. After stirring (5 min) at room 
temperature, DCC (0.95 g, 4.61 mmol) in 10 mL of CH2Cl2 was added to solution. 
The reaction was continued via stirring for 24 h at room temperature and 
subsequently concentrated under a reduced pressure. The crude product was purified 
by column chromatography over silica gel eluting first with CH2Cl2/ethyl acetate 
(1/1), and  then CH2Cl2/CH3OH (10/1) to yield red oil. (Yield = 2.8 g, 83 %; Mn,theo = 
800 g/mol; Mn,GPC = 865 g/mol; Mw/Mn = 1.07, relative to PS standards) [176]. 
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3.3.11 Synthesis of alkyne end-functionalized PCL (PCL-alkyne) (9)
 
The PCL-alkyne was prepared by ROP of -CL (5.0 mL, 0.047 mol) in bulk using 
tin(II) 2-ethylhexanoate as a catalyst and propargyl alcohol (0.056 mL, 0.94 mmol) 
as an initiator at 110 °C for 28 h. The degassed monomer, catalyst, and initiator were 
added to a previously flamed Schlenk tube equipped with a magnetic stirring bar in 
the order mentioned. The tube was degassed with three FPT cycles, left under argon, 
and placed in a thermostated oil bath. After the polymerization, the mixture was 
diluted with THF and precipitated into an excess amount of methanol. It was isolated 
by filtration and dried at room temperature in a vacuum oven for 24 h. ([M]0/[I]0 = 
30; [I]0/[cat]0 = 50; Yield = 4.84 g, 90 %; Mn,theo= 3140 g/mol, Mn,NMR = 3305 g/mol, 
Mn,PCL = 3525 g/mol (Mn,PCL= 0.259 x Mn,GPC
1.073
), Mn,GPC = 7120 g/mol,  Mw/Mn = 
1.09, relative to PS standards). 
1
H NMR (500 MHz, CDCl3, δ) 4.7 (2H, CHC-
CH2O), 4.0 (2H, CH2OC=O of PCL), 3.6 (2H, CH2OH, end group of PCL), 2.5 (1H, 
CHC-CH2O), 2.3 (2H, C=OCH2 of PCL), 1.4-1.7 (6H, CH2 of PCL) [174]. 
3.3.12 Synthesis of poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10  random 
copolymer via ROMP of monomers 3, 4 and 5 (10) 
The first generation Grubbs’ catalyst (PCy3)2(Cl)2-RuCHPh (0.082 g, 0.10 mmol) 
was placed in a Schlenk tube and dissolved in 2 mL of anhydrous CH2Cl2 in a glove 
box. The ROMP monomers 3 (0.5 g, 1.0 mmol), 4 (0.34 g, 1.0 mmol) and 5 (0.36 g, 
1.0 mmol) were dissolved in 13 ml of anhydrous CH2Cl2 and added to the catalyst 
solution via syringe. The flask was capped with a septum and removed from glove 
box. The polymerization was allowed to stir at room temperature for 1 h. The 
polymerization was then terminated by the addition of butyl vinyl ether (0.13 ml, 1.0 
mmol), and stirred for additional 30 min. at room temperature. Finally, the polymer 
solution was precipitated in methanol and the obtained polymer was dried for 24 h in 
a vacuum oven at 40 C. ([M3]0/[M4]0/[M5]0=1; [M3]0/[I]0 =10; Yield = 1.19 g, 99 %; 
Mn,theo= 12060 g/mol, Mn,NMR = 11997 g/mol, Mn,GPC = 13365 g/mol,  Mw/Mn = 1.2, 
relative to PS standards). 
1
H NMR (500 MHz, CDCl3, δ) 8.5 (bs, ArH of anthracene), 
8.3 (bs, ArH of anthracene), 7.9 (bs, ArH of anthracene), 7.7 (bs, ArH), 7.5–7.4 (bs, 
ArH of anthracene), 7.3 (bs, ArH), 6.1 (br, CH2-anthracene), 6.0 (bs, CH=CH, trans), 
5.7 (bs, CH=CH, cis), 4.9 (bs, =CH-CH-O, cis), 4.4-4.1 (br, =CH-CH-O, trans, 
CH(Br)CH3, CH2C=OOCH2CH2N, CH3CH(Br)C=OOCH2CH2N, SO2CH2CH2N ), 
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3.7 ( bs, C=OOCH2CH2N), 3.3 (bs, CH-CH ), 2.5 (bs, C=OCH2CH2C=O), 2.4 (bs, 
Ar-CH3), 1.77 ( bs, CH(Br)CH3) [173]. 
3.3.13 Synthesis of 1-propanethiol poly(ONB-anthracene-co-ONB-Br-co-ONB-
OTs)10 random copolymer via thiol-ene thermal reaction (11) 
In a 25 mL of Schlenk tube, 10 (0.5 g, 0.041 mmol, Mn,theo=12060 g/mol), 1-
propanethiol (0.565 mL, 6.15 mmol), ABCVA (0.35 g, 1.23 mmol) and 1,4 dioxane 
(10 mL) were added and the reaction mixture was degassed by three freeze-pump-
thaw (FPT) cycles and left in vacuum. The tube was then placed in a thermostated oil 
bath to stir for 16 h at 80 
o
C. After cooling the mixture to ambient temperature, the 
polymerization mixture was diluted with THF, and precipitated in methanol. This 
dissolution-precipitation (THF-MeOH) procedure was repeated two times. The 
polymer was dried for 24 h in a vacuum oven at 40 
o
C.  (Yield: 0.56 g, 95 %, Mn,theo= 
14350 g/mol, Mn,GPC = 10021 g/mol,  Mw/Mn = 1.35, relative to PS standards). 
1
H 
NMR (500 MHz, CDCl3, δ) 8.5 (bs, ArH of anthracene), 8.3 (bs, ArH of anthracene), 
8.0 (bs, ArH of anthracene), 7.7 (bs, ArH), 7.5–7.4 (bs, ArH of anthracene), 7.3 (bs, 
ArH), 6.1 (br, CH2-anthracene), 4.8 (bs, SCHCHO), 4.4-4.1 (br, CH2CHO, 
CH(Br)CH3, CH2C=OOCH2CH2N, CH3CH(Br)C=OOCH2CH2N, SO2CH2CH2N ), 
3.7 ( bs, C=OOCH2CH2N), 3.2 (bs, CH-CH, SCH), 2.6 (bs, C=OCH2CH2C=O, 
SCH2), 2.4 (bs, Ar-CH3), 1.6-1.8 ( bs, CH(Br)CH3, SCHCH2, SCH2CH2), 1.0 (bs, . 
SCH2CH2CH3). 
3.3.14 Synthesis of 1-propanethiol functionalized poly(ONB-g-PMMA-co-ONB-
Br-co-ONB-OTs)10 graft copolymer via Diels-Alder click reaction (12) 
A solution of MI-PMMA (7) (1.72 g, 0.54 mmol, Mn,GPC = 3200) in 25 mL of toluene 
was added to a 25 mL dioxane solution of 1-propanethiol functionalized poly(ONB-
anthracene-co-ONB-Br-co-ONB-OTs)10 (11) (0.5 g, 0.0358 mmol, Mn,theo =14350). 
The mixture was bubbled with nitrogen for 30 min. and refluxed for 45 h at 110
o
C in 
the dark. The solution was evaporated under high vacuum and the residual solid was 
dissolved in THF, and subsequently two times precipitated in methanol/diethyl ether 
(1/1). The obtained product was dried in a vacuum oven at 40
o
C for 24 h (Yield: 
0.715 g, 62 %, Mn,theo= 32450 g/mol, Mn,GPC = 16690 g/mol,  Mw/Mn = 1.54, relative 
to PS standards).
1
H NMR (500 MHz, CDCl3, δ) 7.7 (bs, ArH of tosyl), 7.5–7.0 (bs, 
ArH of tosyl, ArH of cycloadduct), 5.5 (bs, C=OOCH2 of cycloadduct), 4.8 (bs, 
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SCHCHO, bridge-head proton of cycloadduct), 4.4-4.1 (br, CH2CHO, CH(Br)CH3, 
CH2C=OOCH2CH2N, (CH3)(Br)CHC=OOCH2CH2N, SO2CH2CH2N ), 3.7-3.6 (bs, 
C=OOCH2CH2N, NCH2CH2OC=O, NCH2CH2OC=O, and OCH3 of PMMA), 3.4 
(bs, CH-CH, bridge protons), 3.3 (bs, CH-CH, SCH), 2.7 (bs, C=OCH2CH2C=O, 
SCH2), 2.4 (bs, Ar-CH3), 1.8-1.6 ( bs, CH(Br)CH3, SCHCH2, SCH2CH2), 1.0 (bs, . 
SCH2CH2CH3). 
3.3.15 Synthesis of 1-propanethiol functionalized poly(ONB-g-PMMA-co-ONB-
g-PEG-co-ONB-OTs)10 heterograft block copolymer via NRC click reaction (13) 
1-propanethiol functionalized poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs)10  
(12)  (0.45 g, 0.014 mmol, Mn, theo = 32450 g/mol, ) was dissolved in DMF (10 mL) in 
a 25 mL of Schlenk tube. PEG-TEMPO (0.56 g, 0.7 mmol, Mn,theo = 800 g/mol) was 
added to this solution, and the mixture was stirred at room temperature for 10 min. 
Next, Cu(0) (0.044 g, 0.7 mmol), CuBr  (0.02 g, 0.14 mmol), and PMDETA (0.029 
mL, 0.14 mmol) were immediately added to the Schlenk tube. The reaction mixture 
was degassed by three FPT cycles, left in vacuum, and stirred for 24 h at room 
temperature. The mixture was diluted with THF, filtered through a column filled 
with neutral alumina to remove the copper complex, and precipitated in methanol. 
The crude product was purified by dissolution–precipitation in THF-cold MeOH. 
The polymer was dried at 40
o
C in a vacuum oven for 24 h. (Yield: 0.49 g, 87 %, 
Mn,theo= 40450 g/mol, Mn,GPC = 31780 g/mol,  Mw/Mn = 1.47, relative to PS 
standards).
 1
H NMR (500 MHz, CDCl3, δ) 7.7 (bs, ArH of tosyl), 7.5–7.0 (bs, ArH of 
tosyl, ArH of cycloadduct), 5.5 (bs, C=OOCH2 of cycloadduct), 5.0 (CH of 
TEMPO), 4.9-4.7 (bs, SCHCHO, bridge-head proton of cycloadduct), 4.4-4.1 (br, 
CH2CHO, CH(CH3)ON, CH2C=OOCH2CH2N, NO(CH3)CHC=OOCH2CH2N, 
SO2CH2CH2N, C=OOCH2), 3.7-3.6 ( bs, C=OOCH2CH2N, NCH2CH2OC=O, 
NCH2CH2OC=O, OCH2CH2 of PEG and OCH3 of PMMA), 3.4 (bs, CH-CH, bridge 
protons), 3.3 (bs, CH-CH, SCH), 2.6-2.4 (bs, C=OCH2CH2C=O, Ar-CH3, SCH2), 
1.8-1.6 ( bs, CH(Br)CH3, SCHCH2, SCH2CH2), 1.0 (bs, . SCH2CH2CH3). 
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3.3.16 Synthesis of 1-propanethiol functionalized poly(ONB-g-PMMA-co-ONB-
g-PEG-co-ONB-g-PCL)10 heterograft brush copolymer via CuAAC click 
reaction (14) 
1-propanethiol functionalized poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-OTs)10  
(13) (0.40 g , 0.0099 mmol, Mn, theo =40450) and PCL-alkyne (0.47 g , 0.148 mmol, 
based on Mn,theo = 3140) were dissolved in nitrogen purged DMF (5 mL) in a Schlenk 
tube equipped with magnetic stirring bar. NaN3 (0.064 g, 0.99 mmol), CuBr (0.014 g, 
0.099 mmol) and PMDETA (0.021 mL, 0.099 mmol) were added and the reaction 
mixture was degassed by three FPT cycles and left in vacuum and stirred 40
o
C for 24 
h. Reaction mixture was passed through alumina column to remove copper salt and 
precipitated in methanol and recovered polymer was dissolved in THF and 
precipitated in methanol/diethyl ether (2/1). Finally the polymer was dried for 24 h in 
a vacuum oven at 40
o
C (Yield: 0.4 g, 56 %, Mn,theo= 71850 g/mol, Mn,GPC = 28460 
g/mol,  Mw/Mn = 1.45, relative to PS standards).
 1
H NMR (500 MHz, CDCl3, δ) 7.73 
(br, CH of triazole), 7.50–7.00 (bs, ArH of cycloadduct), 5.48 (bs, C=OOCH2 of 
cycloadduct), 5.13 (br, triazole-CH2O), 4.99 (CH of TEMPO), 4.83-4.71 (bs, 
SCHCHO, bridge-head proton of cycloadduct), 4.44-4.13 (br, CH2CHO, 
CH(CH3)ON, CH2C=OOCH2CH2N, NO(CH3)CHC=OOCH2CH2N, triazole-
CH2CH2N, C=OOCH2), 4.07 (bs, CH2O of PCL), 3.70-3.60 (bs, C=OOCH2CH2N, 
NCH2CH2OC=O, NCH2CH2OC=O, OCH2CH2 of PEG, CH2OH of PCL and OCH3 
of PMMA), 3.38 (bs, CH-CH, bridge protons), 3.31 (bs, CH-CH, SCH), 2.69-2.52 
(bs, C=OCH2CH2C=O, C=OCH2CH2C=O, SCH2), 2.31 (C=OCH2 of PCL), 1.90-
1.75 ( bs, CH(CH3)ON, SCHCH2, SCH2CH2), 1.03 (bs, . SCH2CH2CH3). 
3.3.17 Synthesis of N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-
Anthracene-co-ONB-Br-co-ONB-OTs)10  random copolymer via thiol-ene 
thermal reaction (15) 
In a 25 mL of Schlenk tube, 10 (0.2 g, 0.017 mmol, Mn,theo=12060 g/mol), N-acetyl-
L-cysteine methyl-ester (0.44 mL, 2.49 mmol), ABCVA (0.14 g, 0.5 mmol), 1,4 
dioxane (5 mL) and toluene (5mL) were added and the reaction mixture was 
degassed by three FPT cycles and left in vacuum. The tube was then placed in a 
thermostated oil bath to stir for 16 h at 80 
o
C. After cooling the mixture to ambient 
temperature, the polymerization mixture was diluted with THF, and precipitated in 
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methanol. This dissolution-precipitation (THF-MeOH) procedure was repeated two 
times. The polymer was dried for 24 h in a vacuum oven at 40 
o
C.  (Yield: 0.29 g, 97 
%, Mn,theo= 17380 g/mol, Mn,GPC = 8340 g/mol,  Mw/Mn = 1.24, relative to PS 
standards). 
1
H NMR (500 MHz, CDCl3, δ) 8.5 (bs, ArH of anthracene), 8.3 (bs, ArH 
of anthracene), 8.0 (bs, ArH of anthracene), 7.7 (bs, ArH), 7.5–7.4 (bs, ArH of 
anthracene), 7.3 (bs, ArH), 6.1 (br, CH2-anthracene), 4.9-4.8 (bs, SCHCHO, 
NCHCH2S), 4.4-4.1 (br, CH2CHO, CH(Br)CH3, CH2C=OOCH2CH2N, 
CH3CH(Br)C=OOCH2CH2N, SO2CH2CH2N ), 3.7 ( bs, C=OOCH2CH2N, C=OOCH3 
of cysteine), 3.2 (bs, CH-CH, SCH), 3.0 (bs, SCH2 of cysteine), 2.6 (bs, 
C=OCH2CH2C=O), 2.4 (bs, Ar-CH3), 2.0 (bs, C=OCH3 of cysteine), 1.6-1.8 ( bs, 
CH(Br)CH3, SCHCH2). 
3.3.18 Synthesis of N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-g-
PMMA-co-ONB-Br-co-ONB-OTs)10 graft copolymer via Diels-Alder click 
reaction (16) 
A solution of MI-PMMA (0.77 g, 0.242 mmol, Mn,GPC = 3200) in 25 mL of toluene 
was added to a 25 mL dioxane solution of N-acetyl-L-cysteine methyl-ester 
functionalized poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 (15) (0.28 g, 
0.0161 mmol, Mn,theo =17380). The mixture was bubbled with nitrogen for 30 min. 
and refluxed for 48 h at 110
o
C in the dark. The solution was evaporated under high 
vacuum and the residual solid was dissolved in THF, and subsequently two times 
precipitated in methanol/diethyl ether (1/1). The obtained product was dried in a 
vacuum oven at 40
o
C for 24 h (Yield: 0.38 g, 67 %, Mn,theo= 35480 g/mol, Mn,GPC = 
22400 g/mol,  Mw/Mn = 1.27, relative to PS standards).
1
H NMR (500 MHz, CDCl3, 
δ) 7.7 (bs, ArH of tosyl), 7.5–7.0 (bs, ArH of tosyl, ArH of cycloadduct), 5.5 (bs, 
C=OOCH2 of cycloadduct), 4.9-4.7 (bs, SCHCHO, NCHCH2S of cysteine, bridge-
head proton of cycloadduct), 4.4-4.1 (br, CH2CHO, CH(Br)CH3, 
CH2C=OOCH2CH2N, CH3(Br)CHC=OOCH2CH2N, SO2CH2CH2N ), 3.7-3.6 ( bs, 
C=OOCH2CH2N, C=OOCH3 of cysteine, NCH2CH2OC=O, NCH2CH2OC=O, and 
OCH3 of PMMA), 3.4 (bs, CH-CH, bridge protons), 3.3 (bs, CH-CH, SCH), 3.0 (bs, 
SCH2 of cysteine), 2.6 (bs, C=OCH2CH2C=O), 2.4 (bs, Ar-CH3), 2.0-1.8 ( bs, 
CH(Br)CH3, C=OCH3 of cysteine, SCHCH2). 
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3.3.19 Synthesis of N-acetyl-L-cysteine methyl-ester functionalized poly (ONB-g-
PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 heterograft brush copolymer via In-
situ NRC and CuAAC click reactions (17) 
N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-g-PMMA-co-ONB-Br-
co-ONB-OTs)10 (16) (0.5 g, 0.014 mmol, Mn, theo = 35480 g/mol, ) was dissolved in 
DMF (10 mL) in a 25 mL of Schlenk tube. PEG-TEMPO (0.56 g, 0.7 mmol, Mn , theo 
= 800 g/mol) and PCL-alkyne (0.66 g, 0.21 mmol, based on Mn,theo = 3140) was 
added to this solution, and the mixture was stirred at room temperature for 10 min. 
Next, NaN3 (0.09 g, 1.4 mmol), Cu(0) (0.044 g, 0.7 mmol), CuBr  (0.04 g, 0.28 
mmol), and PMDETA (0.058 mL, 0.28 mmol) were immediately added to the 
Schlenk tube. The reaction mixture was degassed by three FPT cycles, left in 
vacuum, and stirred for 24 h at room temperature. The mixture was diluted with 
THF, filtered through a column filled with neutral alumina to remove the copper 
complex, and precipitated in methanol. The crude product was purified by 
dissolution–precipitation in THF-cold MeOH. The polymer was dried at 40oC in a 
vacuum oven for 24 h. (Yield: 0.52 g, 50 %, Mn,theo= 74880 g/mol, Mn,GPC = 54300 
g/mol,  Mw/Mn = 1.97, relative to PS standards).
1
H NMR (500 MHz, CDCl3, δ) 7.7 
(br, CH of triazole), 7.5–7.0 (bs, ArH of cycloadduct), 5.5 (bs, C=OOCH2 of 
cycloadduct), 5.2 (br, triazole-CH2O), 5.0 (CH of TEMPO), 4.8 (bs, SCHCHO, 
NCHCH2S of cysteine, bridge-head proton of cycloadduct), 4.4-4.1 (br, CH2CHO, 
CH(CH3)ON, CH2C=OOCH2CH2N, NO(CH3)CHC=OOCH2CH2N, triazole-
CH2CH2N, C=OOCH2), 4.0 (bs, CH2O of PCL), 3.7-3.6 ( bs, C=OOCH2CH2N, 
C=OOCH3 of cysteine, NCH2CH2OC=O, NCH2CH2OC=O, OCH2CH2 of PEG, 
OCH3 of PEG, CH2OH of PCL and OCH3 of PMMA), 3.4 (bs, CH-CH, bridge 
protons), 3.3 (bs, CH-CH, SCH), 3.0 (bs, SCH2 of cysteine), 2.6 (bs, 
C=OCH2CH2C=O, C=OCH2CH2C=O), 2.3 (C=OCH2 of PCL), 2.0-1.8 ( bs, 
CH(CH3)ON, C=OCH3 of cysteine, SCHCH2). 
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4.  RESULTS and DISCUSSION 
The Ring Opening Metathesis Polymerization (ROMP) has found wide applications 
in the polymerization of cylic olefins (norbornene, oxanorbornene, norbornadiene, 
dicyclopentadiene, etc.) ROMP of cyclic olefins by using metal alkylidene initiators 
(e.g., molybdenum and ruthenium complex catalysis) has led to a number of well 
defined architectures including block, graft, star and cyclic polymers which has 
controlled moleculer weight and controlled end group. Nowadays, alternative routes 
such as Diels-Alder (DA) and copper (I) catalyzed azide-alkyne cycloaddition 
(CuAAC), atom transfer nitroxide radical coupling (ATNRC) reactions which can be 
classified under the term “click chemistry” have emerged as a powerful tool for the 
preparation of graft polymers. In addition, thiol-ene click reaction is considered as a 
potential click reaction due to its high efficiency and orthogonality in the 
functionalization of well-defined polymers with different topologies.  
More recently, Tunca and Hizal group extended the ROMP-sequential CuAAC-
Diels-Alder combination to prepare  AB block-brush architectures [177] to the 
synthesis of ROMP-based heterograft brush copolymers by covering the nitroxide 
radical coupling reaction (NRC) [173]. 
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Figure 4.1 : Synthesis of functinalized heterograft brush copolymers via quadruple 
click reactions. 
In this study, we further extended this combination by covering the thiol-ene click 
reaction (TEC) to the synthesis of functionalized ROMP-based heterograft brush 
copolymers.  
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4.1 Preparation of poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 
copolymer via ROMP of oxanorbornenyl-anthracene (ONB-anthracene) 3, 
oxanorbornenyl-bromide (ONB-Br)  4, and oxanorbornenyl tosylate (ONB-
OTs)  5 
In this study, an equimolar mixture of oxanorbornenyl-anthracene (ONB-
anthracene), oxanorbornenyl-bromide (ONB-Br), and oxanorbornenyl tosylate 
(ONB-OTs) was polymerized via ring opening metathesis polymerization (ROMP) 
using the first generation Grubbs’ catalyst in CH2Cl2 at room temperature to form  
poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 copolymer as a main backbone. 
 
Figure 4.2 : Synthesis of succinic acid mono-anthracen-9-ylmethyl-ester (2). 
For this purpose, the monomers and initiators were synthesized at first. The succinic 
acid mono-anthracen-9-ylmethyl-ester (2) was prepared by using 9-Anthryl methanol 
and succinic anhydride in the presence of  Et3N/DMAP catalyst system and CH2Cl2 
as solvent (Figure 4.2).  
 
Figure 4.3 :
 1
H NMR spectra of succinic acid mono-anthracen-9-ylmethyl-ester (2) 
in CDCl3. 
The structure was confirmed by 
1
H NMR spectrum (Figure 4.3). A shift from 5.60 
ppm to 6.21 ppm of methylene protons linked to anthracene ring due to esterification 
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reaction and multiplet peaks around 2.70-2.68 ppm aasigned to C=OCH2CH2OC=O 
clearly indicated that 2 was achieved. 
 
Figure 4.4 : Synthesis of oxanorbornenyl anthracene (ONB-Anth) (3) 
Thereafter, oxanorbornenyl anthracene (ONB-Anth) (3) was carried out through an 
esterification reaction between 1 and 2 (Figure 4.4).  
 
Figure 4.5 :
 1
H NMR spectra of oxanorbornenyl anthracene (ONB-Anth) (3) in 
CDCl3. 
From 
1
H NMR spectroscopy (Figure 4.5) the ring protons at 8.53-7.51 ppm, 
methylene protons linked to the ring at 6.17 ppm and a shift from 3.77 ppm of 
methylene protons (NCH2CH2OH) to 4.19 ppm of methylene protons 
(NCH2CH2OC=O) were primarily detected. 
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Figure 4.6 : Synthesis of oxanorbornenyl bromide (ONB-bromide). 
The synthesis of 2-bromo-propionic acid 2-(3,5-dioxo-10-oxa-4 
azatricyclo[5.2.1.0
2,6
] dec-8-en-4-yl)-ethyl ester (ONB-Br) (4) consists mainly of 
three steps, as shown in Scheme 4.1. In the first step, furan and maleic anhydride 
were reacted in toluene at 80 ºC, and thus obtained adduct, was utilized for the 
synthesis of 1 by adding the solution 2-amino ethanol in methanol into dispersion of 
adduct in methanol. Finally, 4, was obtained via an esterification reaction between 1 
and 2-bromopropionyl bromide in CH2Cl2 at room temperature (Figure 4.6). 
 
Figure 4.7 :
 1
H NMR spectra of a) 4,10-Dioxatricyclo[5.2.1.0
2,6
]dec-8-ene-3,5-
dione, b) 4-(2-Hydroxyethyl)-10-oxa-4-azatricyclo[5.2.1.0
2,6
]dec-8-
ene-    3,5-dione (1), c) 2-bromo-propionic acid 2-(3,5-dioxo-10-oxa-4 
azatricyclo[5.2.1.0
2,6
] dec-8-en-4-yl)-ethyl ester (ONB-Br) (4) in 
CDCl3. 
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From overlay 
1
H NMR spectra Figure 4.7(c), it is clearly seen that the methyl 
protons next to Br were detected at 1.81 ppm and the methylene protons next to the 
ester unit and methine proton next to Br at 4.34 ppm. Moreover, the characteristic 
protons of the adduct were also detected at 6.52 ppm (bridge vinyl protons), 5.28 
ppm (bridge-head protons) and 2.88 ppm (bridge protons) respectively. These results 
confirmed that the synthesis of 4 was achived. 
 
Figure 4.8 : Synthesis of oxanorbornenyl tosyl (ONB-OTs). 
Oxanorbornenyl tosyl (5) was obtained via an esterification reaction between 1 and 
excess amount of p-toluene-sulfonyl chloride in the presence of Et3N/DMAP catalyst 
system (Figure 4.8). 
 
Figure 4.9 :
 1
H NMR spectra of oxanorbornenyl tosyl (5) in CDCl3. 
From 
1
H NMR spectroscopy (Figure 4.9) characteristic signals of benzyl protons (δ 
7.78-7.35), methyl protons of phenyl and a shift from 3.77 ppm of methylene protons 
(NCH2CH2OH) to 4.20 ppm of methylene protons (NCH2CH2OSO2) were clearly 
seen. 
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Figure 4.10 : Synthesis of poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 
random copolymer via ROMP of monomers 3, 4 and 5. 
Next, ring-opening metathesis polymerization (ROMP) reaction strategy was used to 
obtain poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 random copolymer (10) 
by first generation Grubbs’ catalyst (PCy3)2(Cl)2-RuCHPh and monomers 3, 4, 5 
with reaction conditions as described (Figure 4.10). 
 
Figure 4.11 :
 1
H NMR spectra of poly(ONB-anthracene-co-ONB-Br-co-ONB-
OTs)10 random copolymer (10) in CDCl3. 
Aromatic protons of anthracene and tosylate from 8.46 to 7.27 ppm, the vinylic 
protons of main backbone at 6.03 (CH=CH, trans), 5.76 (CH=CH, cis), the methyl 
protons of  CH(Br)CH3 group at 1.8 ppm were observed in  the 
1
H-NMR spectrum 
(Figure 4.11). Moreover, the composition of this copolymer could be quantitatively 
determined by a comparison among the integrated signals of the aromatic protons 
adjacent to SO2 group (δ 7.71), C=OCH2CH2C=O (δ 2.57) and CH(Br)CH3 (δ 1.77) 
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that indicated a ratio of  10.37 : 9.56 : 10.067, proving that all monomers are present 
in equimolar amounts in the copolymer.  
Mn,NMR= (9.56 x MW of 3) + (10.067 x MW of 4) + (10.37 x MW of 5) (Table 4.2). 
It is noted that Mn,NMR is consistent with  Mn,theo= 12060 g/mol and Mn,GPC = 13365 
g/mol. 
4.2 Preparation of 1-propanethiol functionalized polyONB-g-(PMMA-co-PEG-
co-PCL) Heterograft Brush Copolymer via Thiol-ene, Diels-Alder, ATNRC 
and CuAAC Click Reactions 
 
Figure 4.12 : Synthesis of 1-propanethiol poly(ONB-anthracene-co-ONB-Br-co-
ONB-OTs)10 random copolymer via thiol-ene thermal reaction. 
1-propanethiol functionalized poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10  
random copolymer was carried out by thermal thiol-ene click reaction between 1-
propanethiol and poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10  in the presence 
of thermal initiator 4,4′-azobis(4-cyanovaleric acid) at 80 oC (Figure 4.12). 
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Figure 4.13 : 
1
H NMR spectra of 1-propanethiol functionalized poly(ONB-
anthracene-co-ONB-Br-co-ONB-OTs)10 random copolymer (11) in 
CDCl3.  
The complete disappearance of the allyl signals at 6.03 and 5.76 ppm and the 
appearance of new signals corresponding to the SCH2CH2CH3 at 1.00 ppm, 
SCHCH2, SCH2CH2 at 1.60-1.75 ppm and SCH2 at 2.58 ppm confirmed the structure 
of  the heterograft block copolymer (Figure 4.13). 
 
Figure 4.14 : Synthesis of 2-bromo-2-methyl propionic acid 2-(3,5-dioxo-10-oxa-4-
azatricyclo [5.2.1.0
2,6
] dec-8-en-4-yl) ethyl ester. 
Afterward,  2-bromo-2-methyl propionic acid 2-(3,5-dioxo-10-oxa-4- azatricyclo 
[5.2.1.0
2,6
] dec-8-en-4-yl) ethyl ester (6) was obtained via an esterification reaction 
between 1 and solution of 2-bromo isobutyryl bromide in the presence of 
Et3N/DMAP catalyst system (Figure 4.14). 
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Figure 4.15 :
 1
H NMR spectra of a) 4,10-Dioxatricyclo[5.2.1.0
2,6
]dec-8-ene-3,5-
dione, b) 4-(2-Hydroxyethyl)-10-oxa-4-azatricyclo[5.2.1.0
2,6
]dec-8-
ene-    3,5-dione (1), c) 2-bromo-2-methyl propionic acid 2-(3,5-
dioxo-10-oxa-4- azatricyclo [5.2.1.0
2,6
] dec-8-en-4-yl) ethyl ester (6) 
in CDCl3.  
From overlay 
1
H NMR spectra Figure 4.15(c), it is clearly seen that the methyl 
protons next to Br were detected at 1.87 ppm. Moreover, the characteristic protons of 
the adduct were also detected at 6.49 ppm (bridge vinyl protons), 5.24 ppm (bridge-
head protons) and 2.85 ppm (bridge protons) respectively. These results confirmed 
that the synthesis of 6 was achived. 
 
Figure 4.16 : Synthesis of furan protected maleimide end-functionalized PMMA 
(PMMA-MI). 
Next,  PMMA-MI (7) (Figure 4.16), was prepared by ATRP of MMA, using 6 as 
initiator. The polymerization temperature was purposely kept low in order to prevent 
furan protection and possible copolymerization of maleimide and monomers during 
polymerization. Number-average molecular weight calculated by GPC (Mn,GPC) of 
MI-PMMA was in agreement with the theoretical one (Mn,theo) indicating that the 
initiations were not quantitative under these polymerization conditions (Table 4.1) 
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Figure 4.17 :
 1
H NMR spectra of PMMA-MI (7) in CDCl3. 
From 
1
H NMR spectrum as seen in Figure 4.17, 3.60 ppm of OCH3 of PMMA and 
3.75 ppm of NCH2CH2OC=O protons are showed succesfully synthesis of PMMA. 
The 
1
H-NMR number-average molecular weight and DPn value of PMMA (Mn,NMR = 
2340 g/mol, DPn = 20)  was determied  from a ratio of the integrated peaks at 3.75-
3.6 ppm (OCH3 of MMA) to 6.55 ppm (vinyl end protons). Molecular weight of 6 
(358 g/mol) was added to this value. The theoretical molecular weight was calculated 
which was 1810 g/mol. Furthermore, the number-average molecular weight obtained 
by GPC (Mn,GPC = 3200 g/mol, relative to linear PMMA standarts) (Table 4.1). 
 
Figure 4.18 : Synthesis of 1-propanethiol poly(ONB-g-PMMA-co-ONB-Br-co-
ONB-OTs)10 graft copolymer via Diels-Alder click reaction. 
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Subsequently, 1 equiv of the copolymer (11) was grafted with a 1.5 equiv of a linear 
PMMA-MI precursor (7) (Mn,NMR= 2340 g/mol) via Diels-Alder click reaction at 
reflux temperature of toluene for 45 h to yield the graft copolymer, 1-propanethiol 
poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs)10 (12) (4.8). The unreacted PMMA-
MI was removed from the reaction mixture by dissolution-precipitation (THF-
MeOH/diethyl ether) (Figure 4.18). 
 
Figure 4.19 :
 
UV spectra of 1-propanethiol functionalized poly(ONB-anthracene-co-
ONB-Br-co-ONB-OTs)10 (red) during the synthesis of 1-propanethiol 
functionalized poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs)10 
(green) graft copolymer (C0= 4.7 X 10
-5
 mol/L in CH2Cl2). 
The disappearance of characteristic five finger absorbance at 300-400 nm 
corresponding to the anthracene ring (Figure 4.19). Diels-Alder efficiency was 
calculated by following 4.1. UV spectroscopy reveals 95% of Diels-Alder efficiency 
by monitoring the absorbance values of anthracene. 
                                                                                         (4.1) 
From 4.1, A0 and At  are respectively the initial and final absorbance values of 
anthracene. 
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Figure 4.20 :
 1
H NMR spectrum of 1-propanethiol functionalized poly(ONB-g-
PMMA-co-ONB-Br-co-ONB-OTs)10 (12) in CDCl3. 
Moreover, from 
1
H NMR spectrum, the DPn of the PMMA graft present in the 
copolymer was calculated from a ratio of integrated signals at 3.60 ppm (OCH3 of 
PMMA) to 5.48 ppm (C=OOCH2 of cycloadduct) and found to be 19. It is noted that 
this value is consistent with the DPn = 20 of PMMA-MI. All spectroscopic data 
evidenced that PMMA had been quantitatively grafted onto the copolymer. The 
1
H 
NMR analysis displayed the disappearance of the characteristic anthracene signals 
from 8.48 to 7.32 ppm indicating that the Diels-Alder reaction had occurred and thus, 
the PMMA had been grafted onto the copolymer backbone (Figure 4.20). 
 
Figure 4.21 : Synthesis of mono carboxylic acid functional PEG (PEG-COOH). 
Mono carboxylic acid functional PEG (PEG-COOH) was synthesized with a reaction 
of PEG-OH in the presence of succinic anhydride. When DMAP, Et3N and CH2Cl2 
were used as the catalysts and the solvent respectively (Figure 4.21). 
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Figure 4.22 :
 1
H NMR spectrum of PEG-COOH in CDCl3. 
Figure 4.22 depicts the 
1
H NMR spectrum of PEG with a COOH end group.  The 
methylene proton of PEG is assigned as 4.20 ppm because of the introduction of 
succinic anhydride. The methylene proton formed by the ring opening of succinic 
anhydride is assigned as 2.60 ppm and OCH2CH2 repeating unit of PEG observed at 
3.60 ppm. 
 
Figure 4.23 : Synthesis of nitroxyl radical functionalized PEG (PEG- TEMPO). 
Next, PEG-COOH used as a polymer to obtained nitroxyl radical functionalized PEG 
(PEG-TEMPO) (2,2,6,6-tetramethyl-1-piperidinyloxy-terminated) (8) via using 4-
hydroxy-TEMPO as an initiator (Figure 4.23). The number-average molecular 
weight obtained by GPC (Mn,GPC = 865 g/mol, relative to linear PS standarts) (Mn,theo 
= 800 g/mol) (Table 4.1). 
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Figure 4.24 : Synthesis of 1-propanethiol functionalized poly(ONB-g-PMMA-co-
ONB-g-PEG-co-ONB-OTs)10 (13) heterograft block copolymer. 
The PEG-TEMPO (8) (5 equiv) was grafted onto the poly(ONB-g-PMMA-co-ONB-
Br-co-ONB-OTs)10 (12) graft copolymer (1 equiv) using the NRC reaction to yield 
corresponding hetero graft copolymer, poly(ONB-g-PMMA-co-ONB-g-PEG-co-
ONB-OTs)10 (Figure 4.24). The ATNRC reaction was carried out using Cu(0), 
Cu(Br)/PMDETA as catalyst in DMF at room temperature for 24 h. The crude 
product was purified by two dissolution-precipitation cycles in THF-cold MeOH, 
respectively, due to that the unreacted PEG could be easily removed from the 
product.  
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Figure 4.25 :
 1
H NMR spectrum of 1-propanethiol functionalized poly(ONB-g-
PMMA-co-ONB-g-PEG-co-ONB-OTs)10 (13) in CDCl3. 
The 
1
H NMR spectrum of the purified product is shown in Figure 4.25 and the DPn 
of the grafted PEG is calculated to have 11 by comparing the integrals of the 
C=OOCH2CH2N, NCH2CH2OC=O, NCH2CH2OC=O, OCH3 of PMMA and 
CH2CH2O of PEG (3.60 and 3.70 ppm) to two protons of C=OOCH2 of cycloadduct 
at 5.48 ppm, thus confirming the assumed structure of heterograft copolymer, while 
the DPn of the grafted PMMA is assumed to be 19.  
 
Figure 4.26 : Synthesis of alkyne end-functionalized PCL (PCL-alkyne). 
Next, the PCL-alkyne (9) was obtained by ROP of -CL in bulk using tin(II) 2-
ethylhexanoate, Sn(Oct)2 as a catalyst and propargyl alcohol as an initiator (Figure 
4.26). 
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Figure 4.27 :
 1
H NMR spectra of PCL-alkyne (9) in CDCl3. 
Alkyne end-functionality was confirmed by the obsevation of a signal at 4.68 ppm 
(CHC-CH2OC=O) in the 
1
H NMR spectrum (Figure 4.27). Mn,NMR = 3305 g/mol of 
DPn = 28 values of the polymer was determined accordingly from the integration of 
the peaks at 4.05 ppm (CH2OC=O of PCL) to 3.65 ppm (CH2OH, end group of PCL) 
(Figure 4.26). The number-average molecular weight obtained by GPC (Mn,GPC = 
3525 g/mol, relative to linear PS standarts). It was found good agreement between 
Mn,theo, Mn,NMR, Mn,GPC (Table 4.1). 
Table 4.1 : The results of linear polymers used in the synthesis of heterograft block 
copolymers. 
Polymer Conv.
d 
(%) 
Mw/Mn
 
Mn,GPC 
(g/mol) 
Mn,NMR 
(g/mol) 
Mn,theo 
(g/mol) 
PMMA-MI 
a 29 1.25 3200
 e 
2340
 
1810 
g
 
PEG-TEMPO 
b 83 1.07 865
 
- 800 
h 
PCL-Alkyne 
c 90 1.09 3525 
f 
3305 3140 
g
 
a
 [M]0:[I]0:[CuCl]:[PMDETA] = 50:1:1:1; polymerization was carried out at 40 
o
C. MMA / toluene = 
1 (v/v). Tributyltinhydride was added after predetermined time and the reaction was contiuned for 
further 30 min. 
b
 Obtained by an esterification reaction between PEG-COOH and 4-hydroxy-TEMPO at room 
temperature for overnight. 
c
 [M]0/[I]0 = 30 ; [I]0/[cat]0 = 50; polymerization was carried out at 110 
o
C. 
d
 Determined by gravimetrically.  
e 
Determined by conventional GPC using linear PMMA standarts. 
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f
 Determined by conventional GPC using linear PS standarts, after applying a correction formula 
(Mn,PCL = 0.259 X Mn,GPC
1.073
). 
g 
Mn,theo = ([M]0/[I]0) X conversion % X MW of monomer + MW of initiator. 
h 
Mn,theo = Mn,theo of PEG-COOH + MW of 4-Hydroxy-TEMPO - MW of H2O. 
 
 
Figure 4.28 : Synthesis of 1-propanethiol functionalized poly(ONB-g-PMMA-co-
ONB-g-PEG-co-ONB-g-PCL)10 heterograft brush copolymer (14). 
As a final step, in situ azidation-CuAAC reaction strategy was applied to the 
preparation of the target heterograft brush copolymer, 1-propanethiol functionalized 
poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 (14).  The OTs pendant 
groups of the 1-propanethiol functionalized poly(ONB-g-PMMA-co-ONB-g-PEG-
co-ONB-OTs)10 (1 equiv) were in situ converted to azides, followed by the reaction 
with a PCL-alkyne precursor (1.5 equiv) in the presence of NaN3, Cu(I)/PMDETA in 
DMF at 40
o
C for 24 h to yield the final product, poly(ONB-g-PMMA-co-ONB-g-
PEG-co-ONB-g-PCL)10 heterograft brush copolymer. The contaminant PCL-alkyne 
was removed from the final product by a dissolution-precipitation in THF-
methanol/diethyl ether (Figure 4.28). 
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Figure 4.29 :
 1
H NMR spectrum of 1-propanethiol functionalized poly(ONB-g-
PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 (14) in CDCl3. 
From 
1
H NMR spectra (Figure 4.29), it was revealed that the protons related to 
CH2O and C=OCH2 of PCL and the CH of triazole observed at 4.07, 2.31 and 5.13  
ppm respectively. The 
1
H NMR spectrum of the heterograft brush copolymer 
displayed % 21 conversion of the PCL graft to the main backbone by the ratio of the 
characteristic signals at 4.07 ppm (CH2O of PCL) to 3.75-3.65 ppm 
(C=OOCH2CH2N, NCH2CH2OC=O, NCH2CH2OC=O, OCH2CH2 of PEG, CH2OH 
of PCL and OCH3 of PMMA). It is noted that DPn value of PCL determined from the 
1
H NMR is not consistent with the DPn = 28 value of linear PCL precursor when the 
DPns of grafted PMMA and PEG are assumed to be 19 and 11, respectively 
confirming the inefficient incorporation of the PCL. 
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Figure 4.30 :
 
Evolution of GPC traces: poly(ONB-anthracene-co-ONB-Br-co-ONB-
OTs)10 , 1-propanethiol poly(ONB-anthracene-co-ONB-Br-co-ONB-
OTs)10,  1-propanethiol functionalized poly(ONB-g-PMMA-co-ONB-
Br-co-ONB-OTs)10, 1-propanethiol functionalized poly(ONB-g-
PMMA-co-ONB-g-PEG-co-ONB-OTs)10, 1-propanethiol 
functionalized poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-
PCL)10. 
 
The GPC traces of all polymers exhibited   a monomodal distribution and completely 
shifted to the higher molecular weight region as compared with their starting 
polymers, proving the successful synthesis of brush copolymers as depicted in Figure 
4.30, and furthermore the molecular weight distributions are relatively narrow and in 
the range of 1.20-1.54 from the conventional GPC. On the other hand, it was 
observed that the GPC trace of the 1-propanethiol functionalized poly(ONB-
anthracene-co-ONB-Br-co-ONB-OTs)10 shifted to the higher retention time 
compared to poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10.  This may be 
attributed to disappearance of the PONB main backbone rigidity, thus leading to a 
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decrease in the hydrodynamic volume after modification with N-acetyl-L-cysteine 
methyl-ester via radical thiol-ene click reaction. A similar behavior was reported 
recently by our group, in which the GPC trace of the thioethanol modified PONB via 
radical thiol-ene reaction shifted to the lower molecular weight region relative to its 
unmodified polymer precursor [180]. 
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Table 4.2 : GPC characterization of random copolymers and graft copolymers. 
Polymer Yield 
f 
(%) 
Mw/Mn
 
Mn,GPC
 g 
(g/mol) 
Mn,NMR 
(g/mol) 
Mn,theo 
(g/mol) 
Poly(ONB-anthracene-co-ONB-Br-co-ONB-
OTs)10 
a 
  99 
n
 1.21 13365 11997
 h 
12060 
k 
1-propanethiol functionalized poly(ONB-
anthracene-co-ONB-Br-co-ONB-OTs)10 
b 
95 1.35 10021
 
14282
 i
 14350
 l 
1-propanethiol functionalized poly(ONB-g-
PMMA-co-ONB-Br-co-ONB-OTs)10  
c 
62 1.54 16690
 
34413
 j
 32450
 m 
1-propanethiol functionalized poly(ONB-g-
PMMA-co-ONB-g-PEG-co-ONB-OTs)10
 d 
87 1.47 31780 41753
 j
 40450
 m 
1-propanethiol functionalized poly(ONB-g- 
PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10
 e 
56 1.45 28460 72984
 j
 71850
 m 
a
 Synthesized by ROMP using Grubbs’ catalyst (PCy3)2(Cl)2-RuCHPh and monomers 6, 7, 15 at room temperature for 1 h. [M6]0/[M7]0/[M15]0=1; [M6]0/[I]0 =10. 
b
 Obtained by Thiol-ene click reaction by thermal initiator, ABCVA for 16 h at 80 
o
C. 
c
 Diels-Alder click reaction was carried out at 110 
o
C for 45 h. . 
d
 Obtained by NRC reaction in DMF as asolvent at room temperature for 24 h. 
e 
Obtained by in situ azidation and CuAAC click reactions in DMF as asolvent at 40 
o
C for 24 h. 
f
 Determined by gravimetrically. 
g 
Determined by conventional GPC using linear PS standarts. 
h
 Mn,NMR= (9.56 x MW of 6) + (10.067 x MW of 7) + (10.37 x MW of 15). 
i 
Mn,NMR= (9.56 x MW of 6) + (10.067 x MW of 7) + (10.37 x MW of 15) + (30 x Mw of 1-propanethiol). 
j  
Mn,NMR= (9.56 x MW of 6) + (10.067 x MW of 7) + (10.37 x MW of 15) + (30 x Mw of 1-propanethiol) + (10 x DPn calculated from 
1
H NMR x Mw of repeating unit) + (10 x 
Mw of initiator). 
k
 Mn,theo= (10 x MW of 6) + (10 x MW of 7) + (10 x MW of 15). 
l 
Mn,theo= (10 x MW of 6) + (10 x MW of 7) + (10 x MW of 15) + (30 x Mw of 1-propanethiol). 
m 
Mn,theo= (10 x MW of 6) + (10 x MW of 7) + (10 x MW of 15) + (30 x Mw of 1-propanethiol) + (10 x Mn,theo of graft polymers). 
n 
This value was referred to herein as conversion.
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4.3 Preparation of N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-
g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 Heterograft Brush Copolymer 
via Thiol-ene, Diels-Alder, ATNRC and CuAAC Click Reactions (17) 
 
Figure 4.31 :  Synthesis of N-acetyl-L-cysteine methyl-ester functionalized poly 
(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 random copolymer. 
N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-anthracene-co-ONB-Br-
co-ONB-OTs)10 heterograft block copolymer was carried out by thermal thiol-ene 
click reaction between  N-acetyl-L-cysteine methyl-ester and poly(ONB-anthracene-
co-ONB-Br-co-ONB-OTs)10  in the presence of thermal initiator 4,4′-azobis(4-
cyanovaleric acid) at 80
 o
C (Figure 4.31). 
 
Figure 4.32 :
 1
H-NMR of N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 random 
copolymer (15) in CDCl3. 
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The complete disappearance of the allyl signals at 6.03 and 5.76 ppm and the 
appearance of new signals corresponding to the SCHCHO, NCHCH2S at 4.90-4.78 
ppm, C=OOCH3 of cysteine at 3.70 ppm, SCH2 of cysteine at 3.02 ppm, and 
C=OCH3 of cysteine at 2.08 ppm respectively confirmed the structure of  the 
heterograft block copolymer (Figure 4.32). 
 
Figure 4.33 :
 
Synthesis
 
of N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs)10 graft 
copolymer (16). 
N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-g-PMMA-co-ONB-Br-
co-ONB-OTs)10 (16) was synthesized via graft with a 1.5 equiv of PMMA-MI 
precursor (Mn,NMR= 2340 g/mol) (7) in toluen and N-acetyl-L-cysteine methyl-ester 
functionalized poly(ONB-anthracene-co-ONB-Br)-co-ONB-OTs) (Mn,theo =17380 
g/mol) random copolymer (15) in dioxane via Diels-Alder click reaction at reflux 
temperature of toluene for 45 h to yield the N-acetyl-L-cysteine methyl-ester 
functionalized poly(ONB-anthracene-co-ONB-Br)-co-ONB-OTs) graft copolymer 
(16) (Figure 4.33). The unreacted PMMA-MI was removed from the reaction 
mixture by dissolution-precipitation (THF-MeOH/diethyl ether). 
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Figure 4.34 :
 
UV spectra of N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 (15) (blue) 
during the synthesis of N-acetyl-L-cysteine methyl-ester 
functionalized poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs)10 
(16) (red) graft copolymer (C0= 4.7 X 10
-5
 mol/L in CH2Cl2). 
The UV spectroscopy reveals 97% of Diels-Alder efficiency by monitoring the 
disappearance of characteristic five finger absorbance at 300-400 nm corresponding 
to the anthracene ring (Figure 4.34). Diels-Alder efficiency was calculated by  4.1. 
 
Figure 4.35 :
 1
H-NMR spectra of N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs)10 (16) in CDCl3. 
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Moreover, from 
1
H NMR spectrum, the DPn of the PMMA graft present in the 
copolymer was calculated from a ratio of integrated signals at 3.59 ppm (OCH3 of 
PMMA) to 5.46 ppm (C=OOCH2 of cycloadduct) and found to be 18. It is noted that 
this value is almost consistent with the DPn = 20 of PMMA-MI. All spectroscopic 
data evidenced that PMMA had been quantitatively grafted onto the copolymer. The 
1
H NMR analysis displayed the disappearance of the characteristic anthracene 
signals from 8.47 to 7.27 ppm indicating that the Diels-Alder reaction had occurred 
and thus, the PMMA had been grafted onto the copolymer backbone (Figure 4.35). 
 
Figure 4.36 : Synthesis of N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10  
heterograft brush copolymer (17). 
As a final step, in situ azidation, NRC  and CuAAC click reactions were applied to 
the preparation of N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-g-
PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10  heterograft brush copolymer (17). The 
OTs pendant groups of 16 (1 equiv) were in situ converted to azides, followed by the 
reactions with PCL-alkyne (1.5 equiv, based on Mn,theo = 3140) and PEG-TEMPO (5 
equiv., based on Mn,theo = 800 g/mol) precursors in the presence of NaN3, 
Cu(I)/PMDETA in DMF at 40
o
C for 24 h to yield the final product, 17 (Figure 4.36). 
The crude product was purified by dissolution–precipitation in THF-cold MeOH. 
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Figure 4.37 :
 1
H-NMR spectra of N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 (17) in 
CDCl3. 
The 
1
H NMR spectrum of the 17 is shown in Figure 4.37. The DPn of the grafted 
PEG is calculated to have 12 by comparing the integrals of the C=OOCH2CH2N, 
C=OOCH3 of cysteine, NCH2CH2OC=O, NCH2CH2OC=O, OCH2CH2 of PEG, 
OCH3 of PEG, CH2OH of PCL and OCH3 of PMMA (3.60 and 3.70 ppm) to CH2O 
of PCL at 4.07 ppm thus confirming the assumed structure of heterograft copolymer, 
while the DPns of the grafted PMMA and PCL is assumed to be 18 and 28 
respectively. 
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Figure 4.38 :
 
FT-IR spectra of N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 (17). 
The formation of PCL graft block copolymer was further confirmed by FT-IR 
spectroscopy (Figure 4.38). A strong stretching of azide at 2100 cm
-1
 disappeared 
after CuAAC click reaction. 
The GPC trace of N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-g-
PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 shifted to the higher retention time 
compared with its pecursors, thereby indicated the successful synthesis of brush 
copolymers as depicted in Figure 4.39. Furthermore the molecular weight 
distributions are relatively narrow and in the range of 1.24-1.27 from the 
conventional GPC. However, it was observed that the GPC trace of the N-acetyl-L-
cysteine methyl-ester functionalized poly(ONB-anthracene-co-ONB-Br-co-ONB-
OTs)10 did not shift to the higher retention time compared to its precursor. This may 
be attributed to disappearance of the PONB main backbone rigidity, thus leading to a 
decrease in the hydrodynamic volume after modification with N-acetyl-L-cysteine 
methyl-ester via radical thiol-ene click reaction. A similar behavior was reported 
recently by our group, in which the GPC trace of the thioethanol modified PONB via 
radical thiol-ene reaction shifted to the lower molecular weight region relative to its 
unmodified polymer precursor [180]. 
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Figure 4.39 :
 
Evolution of GPC traces: poly(ONB-anthracene-co-ONB-Br-co-ONB-
OTs)10 , N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-
anthracene-co-ONB-Br-co-ONB-OTs)10,  N-acetyl-L-cysteine methyl-
ester functionalized poly(ONB-g-PMMA-co-ONB-Br-co-ONB-
OTs)10  , N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-
g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10. 
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Table 4.1 : GPC characterization of random copolymers and graft copolymers. 
a
 Synthesized by ROMP using Grubbs’ catalyst (PCy3)2(Cl)2-RuCHPh and monomers 6, 7, 15 at room temperature for 1 h. [M6]0/[M7]0/[M15]0=1; [M6]0/[I]0 =10. 
b
 Obtained by Thiol-ene click reaction by thermal initiator, ABCVA for 16 h at 80 
o
C. 
c
 Diels-Alder click reaction was carried out at 110 
o
C for 43 h. . 
d 
Obtained by in situ azidation, CuAAC-NRC reactions at room temperature for 24 h. 
e
 Determined by gravimetrically. 
f 
Determined by conventional GPC using linear PS standarts. 
g
 Mn,NMR = (9.56 x MW of 6) + (10.067 x MW of 7) + (10.37 x MW of 15). 
h 
Mn,NMR = (9.56 x MW of 6) + (10.067 x MW of 7) + (10.37 x MW of 15) + (30 x Mw of N-acetyl-L-cysteine methyl-ester). 
i 
Mn,NMR = (9.56 x MW of 6) + (10.067 x MW of 7) + (10.37 x MW of 15) + (30 x Mw of N-acetyl-L-cysteine methyl-ester) + (10 x DPn calculated from 
1
H NMR x Mw of 
repeating unit) + (10 x Mw of initiator). 
j
 Mn,theo = (10 x MW of 6) + (10 x MW of 7) + (10 x MW of 15). 
k 
Mn,theo = (10 x MW of 6) + (10 x MW of 7) + (10 x MW of 15) + (30 x Mw of N-acetyl-L-cysteine methyl-ester). 
m 
Mn,theo = (10 x MW of 6) + (10 x MW of 7) + (10 x MW of 15) + (30 x Mw of N-acetyl-L-cysteine methyl-ester) + (10 x Mn,theo of graft polymers). 
n
 This value was referred to herein as conversion.
 
Polymer Yield 
e 
(%) 
Mw/Mn
 
Mn,GPC
 f 
(g/mol) 
Mn,NMR 
(g/mol) 
Mn,theo  
(g/mol) 
Poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 
a   99 
n
 1.21 13400 12000
 g 
12060 
j 
N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)10 
b 
97 1.24 8340
 
17314
.h
 17380
 k 
N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs)10  
c
 
67 1.27 22400
 
37445
 i
 35480
 m 
N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10
 d
 
50 1.25 54300 76016 
i
 74880
 m 
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5.  CONCLUSION 
As a conclusion, the ROMP generated PONB polymer was used as a versatile main 
backbone for tailoring of the main chain vinyl, and the pendant anthracene, bromine 
and OTs orthogonal groups. Next, this PONB backbone is sequentially clicked with 
1-propanethiol and N-acetyl-L-cysteine methyl-ester, PMMA-MI, PEG-TEMPO and 
PCL-alkyne to yield the corresponding propanethiol and cysteine functionalized-
heterograft brush copolymer, separately. All polymers as evidenced via NMR and 
GPC measurements were found to be compatible with expected structures and 
displayed monomodal traces with low molecular weight distributions. Therefore, we 
have shown here that the quadruple click reaction strategy involving thiol-ene, Diels-
Alder, CuAAC, and NRC reactions is a highly efficient process for the synthesis of 
functionalized heterograft brush copolymers.  
The comparison among the integrated signals in the 
1
H-NMR spectrum  proved that 
most of monomers are preset in equimolar amounts in the random copolymers. It is 
noted that Mn,NMR is consistent with Mn,theo and Mn,GPC which provided to synthesized 
random copolymers.  
Using the thiol-ene click reaction, the random copolymer was firstly reacted with 1-
propanethiol and N-acetyl-L-cysteine methyl ester, separately. The complete 
disappearance of the allyl signals of the main backbone confirmed the structure of 1-
propanethiol and N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-
anthracene-co-ONB-Br-co-ONB-OTs)10 random copolymers. 
According to UV spectra, Diels-Alder click reactions were carried out with 95% and 
97% of DA efficieny for 1-propanethiol functionalized poly(ONB-g-PMMA-co-
ONB-Br-co-ONB-OTs)10 and N-acetyl-L-cysteine methyl-ester functionalized 
poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs)10 graft copolymers, respectively. 
1-propanethiol functionalized poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-OTs)10  
heterograft block copolymer was carried out via ATNRC click reaction, succesfully. 
Afterwards, 1-propanethiol functionalized poly(ONB-g-PMMA-co-ONB-g-PEG-co-
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ONB-g-PCL)10 heterograft brush copolymer was synthesized with inefficient 
incorporation of the PCL using the in-situ azidation-CuAAC click reactions. N-
acetyl-L-cysteine methyl-ester functionalized poly(ONB-g-PMMA-co-ONB-g-PEG-
co-ONB-g-PCL)10 heterograft brush copolymer was obtained efficiently via in-situ 
azidation, ATNRC and CuAAC reactions. 
GPC traces of graft block copolymers showed a clear shift when compared to their 
linear precursors, proving that graft reactions were carried out. However, GPC trace 
of the 1-propanethiol functionalized poly(ONB-anthracene-co-ONB-Br-co-ONB-
OTs)10 and N-acetyl-L-cysteine methyl-ester functionalized poly(ONB-anthracene-
co-ONB-Br-co-ONB-OTs)10 random copolymers shifted to the higher retention time 
compared to its precursors because of the adsorptions of the 1-propanethiol and N-
acetyl-L-cysteine methyl-ester segments on the stationary phase that caused a shift to 
the lower molecular weight region. 
All data indicated the synthesize of 1-propanethiol functionalized poly(ONB-g-
PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10  and N-acetyl-L-cysteine methyl-ester 
functionalized poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)10 heterograft 
brush copolymers which were accomplished. 
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